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The solid-state structures of germane-d 4, GeD4 and stannane-d4, SnD4, have been 
investigated by high resolution powder neutron diffraction. These structures have been 
compared with those found in the gas phase. It was found that there are weak 
intermolecular interactions in the solid state. These results confirm the findings of an 
earlier vibrational study which suggested a decrease in molecular symmetry on moving 
from the gaseous to condensed state. 
Several examples of a new class of organic chalcogenide donor ligand have been 
prepared and characterised. These new ligands have been used in the preparation of a 
variety of main group organometallic compounds including examples of mono, di- and 
tn-substituted compounds. The di- and tn-substituted compounds are the first to be 
subjected to structural characterisation by X-ray diffraction and the structures include 
trigonal bipyramidal geometries around gallium and indium atoms. 
Use of the in situ crystal growth technique has resulted in the structural 
characterisation of lead(IV) chloride that confirms the tetrahedral geometry and suggests 
a non-bonding Pb Cl contact that lies within the sum of the van der Waals radii. 
Preliminary investigations of PbC1 4 under high pressure indicate a phase change from 
discrete tetrahedral molecules to a layered structure similar to that of polymeric SnF 4 . 
The chemistry of PbC1 4 is limited by the instability of the compound, but the loss of C1 2 
and reduction to Pb(II) occurs upon reaction with SbC1 5 leaving the unusual cation 
fragment [Pb(MeCN) 9] 2+ (in the presence of MeCN) 
The structure of Me 3PbC1 has been determined by neutron diffraction and showed that 
the earlier investigations by X-ray analysis had erroneously determined the unit cell. The 
new data disprove the previous assertion that the Cl-Pb"Cl angle was non-linear and 
confirms that it is in fact 1800,  in common with the structures of Me 3PbBr and Me3PbI. 
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Chapter 1 
Introduction 
1.1 The Binary Hydrides of the Main Group 
Elements 
Despite our familiarity with the hydride derivatives of the lighter main group elements, 
the behaviour, structure and chemistry of hydrides of the heavier main group elements 
is rather poorly understood and for some elements, evidence for the existence of the 
binary hydrides is sparse. For the heavier main group metals such as indium, thallium, 
lead and bismuth it is likely that binary hydrides cannot be isolated in significant 
quantities. This reflects the decreasing thermal stability with respect to decomposition 
to the elements, which is in turn reflects the decreasing M-H bond strength as a 
particular group is descended. 
The small size of the binary hydrides and low number of electrons make these 
molecules ideal for theoretical chemists to study in conjunction with experiments in 
the gas phase. In many cases excellent agreement between theory and experiment is 
obtained. '-' In contrast, there is a dearth of experimental and theoretical data 
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concerning the solid state structures of simple hydrides. This reflects the difficulties in 
obtaining experimental structural data from these compounds - many are liquids or 
gasses under ambient conditions - and the difficulties inherent in theoretical 
calculations of extended solids. 
1.2 Binary Hydrides of Group 13 Elements 
The binary hydrides of the group 13 elements differ from those of the rest of the main 
group in that they adopt oligomeric or polymeric structures B 2H6 , 4 [A1H3 ] 5 and 
[GaH3]' are the simplest compounds of this series. With increasing molecular weight 
these hydrides decrease dramatically in thermal stability. Diborane is quite stable at 
room temperature whereas gallane is unstable at temperatures above -35'C. 
Boron hydride chemistry differs from that of aluminium and gallium in the sheer 
number of compounds known. The higher boranes, metalloboranes and carboranes are 
some of the better investigated classes. 
There also exist a few compounds of mixed main group elemental hydrides such as 
HGa(BH4)2 , 2 MeAl(BH42, 3 Al(BH4)36 and H2B(p.-H)2GaH2 . 7 These compounds also 
tend to display low thermal stabilities, e.g. gallo-borane decomposes at temperatures 
above -25°C. 
1.2.1 Borane and higher boranes 
Borane chemistry began in 1912 with the pioneering work of Stock  whose group 
went on to prepare many of the higher boranes, and to develop the vacuum line to 
handle these (and other) reactive compounds. 
The simplest boron hydride is the unstable BH 3 which has a transitory existence 
during the thermal decomposition of H 3B.PF3 . 9 Many borane adducts exist and the 
relative stabilities of such compounds suggest that BH 3 is a stronger Lewis acid than 
BF3. 
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Diborane, B 2H, is the simplest stable boron hydride which contains two bridging 
hydrides H-B-H and four terminal B-H bonds. 
Diborane is easily prepared by the reaction between NaBH, and an anhydrous acid 
such as H3P04 10 or H2SO4," as in Equation 1.1. 
The only volatile product is diborane which can be trapped out at -196°C. Diborane is 
an extremely volatile, low melting compound (melting point = -165 °C, boiling point = 
-93 °C) and is spontaneously flammable in air. It has a higher heat of combustion per 
unit weight than any other fuel except H 2, BeH2 and Be(BH4)2 . 
2NaBH4 "2SO4 > B2 H6 + Na2 SO4 
	 Equation 1.1 
Diborane, a colourless gas with a boiling point of -93°C was first structurally 
characterised by gas-phase electron diffraction 4 studies and later in the solid state by 
X-ray diffraction. 13 
There are a large number of higher boranes known with the general empirical formula 
for neutral boranes B.H. and borane anions BUHmX,  and structurally these compounds 
can be classified in five series, 10 closo, nido, arachno, hypho and conjuncto. These 
names refer to the shape of a polyhedron becoming successively more open up to 
conjuncto which refers to the structure formed by joining two clusters together. 
Some of the best known examples of the higher boranes are B 5119 with its square 
pyramidal structure, and B 10H14  that is one of the most stable boranes, undergoing 
only slow hydrolysis in moist air. X-ray diffraction is the most common form of 
structural characterisation for the solid phases of higher boranes, but electron 
diffraction has been used where compounds have sufficient vapour pressure before 
decomposition. 
The chemistry of diborane and the higher boranes justifies a greater depth of 
discussion than space permits here, but excellent discussions can be found 
elsewhere. 13-16 
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1.2.2 Alane, aluminium hydride 
Aluminium hydride, AIH3 , exists as a colourless involatile solid that is extensively 
polymerised via Al-H-Al bonds. It is better described by the formula [All 3 ] 11. It is 
relatively stable up to 150°C and in common with most of the main group hydrides it 
reacts violently with water evolving H 2 . There are seven crystalline forms known. a-
All3 is the most common and has been characterised most completely by both X-ray 
and neutron diffraction.' Each Al is at the center of an octahedron surrounded by 6 H 
atoms, all at a distance of 1.72 A, which suggests that each Al participates in 6 
bridges and that the 3 centre-2 electron bonding that is seen in the boranes also occurs 
in alane. 
Mane is prepared by the reaction between LiAIH 4 and A1C13 in ether, 17  Equation 1.2. 
3LiA1H 4 +A1C13 Et20 44[A1H3 (E12 0)]+3LiC1 	 Equation 1.1 
The etherate formed by this reaction is intractable if left for any period of time, but 
working the solution up with an excess of LiAIH 4 and LiBH4 in benzene followed by 
removal of the ether as an azeotrope followed by cooling, then results in the 
formation of crystals of a-AIH 3 . The electron deficient nature of AIH 3 means that 
adducts are readily formed with strong Lewis bases, but these are more conveniently 
prepared by using LiA1H4 as in Equation 1.3 18' 19  
LiA1H 4 + NMe3 HC1_Et20  4[A1H3 (IVLvIe 3 )] + LiC1 + H2 	 Equation 1.3 
One of the most common reducing agents in organic chemistry is LiAIH 4 which is 
conveniently produced on the laboratory scale by Equation 1.4 and industrially on the 
multitonne scale by Equation 1.5. 
4LiH+ A1C13 Ht 20 4 LEA 1H 4 + 3LEC1 	 Equation 1.4 
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1hf1140°C13h/35Oatm > N 
Na + Al +2H2 	 aAlH 
NaA1H 4 + DO 020 > LIA1H4 + NaCl 	
Equation 1.5 
The compound reacts violently with water but is stable towards dry air and thermal 
decomposition occurs at 100°C. The versatility of LiAIH 4 as a reducing agent is 
described in a number of texts, 2022 so a detailed description is not warranted here. 
1.2.3 Gallane - gallium hydride 
The binary hydride [GaH31 n  has been reported periodically over the years, but it was 
only in 1991 that its existence was confirmed.' 
Gallium hydride is a viscous liquid with a low melting point of -15°C, which 
decomposes to Ga and H 2 at room temperature. 
The synthesis of gallane is achieved in two steps, (Equation 1.6), and may only be 
carried out at low (-30'C) temperatures, in all-glass apparatus to limit decomposition. 
2GaC13 + Me3S1H(excess) >[H2 GaC1]2 + Me3 SiC1 
Equation 1.6 
[H2 GaC1]2 + L1GaH4 	°' _([GaH3 J + L1GaH3 C1 
The structure of gallane was initially investigated in the gas-phase by vibrational 
spectroscopy which suggested that the molecule existed as a dimer, Ga 2H6 , 
isostructural with B 2H6 and subsequent electron diffraction experiments have 
confirmed the structure with Ga-He and Ga-Hb bond lengths of 1.519(4) and 
1.71 0(4)A [1.196(1) and 1.339(1 )A for B-He and B-Hb]. The thermal instability of the 
compound has prevented any structural charàcterisation in the solid state, but matrix 
isolation IR spectra at -253°C indicates that Ga2H6 molecules are subject to facile 
aggregation in the condensed phase. 
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The complex hydride, gallaborane, 7 H2Ga(.t-H)2BH2 is a diborane analogue, formed 
in high yield by the reaction between LiBH4 and monochiorogallane, Equation 1.7 
Y2[H2GaC1] + LIBH4 
-3Oc > H2 Ga(,u - H2 )BH2 + 	 Equation 1.7 
The volatility of this compound made it ideal for electron diffraction experiments, 7 but 
it has also been possible to determine the low temperature crystal structure and 
examine aggregation and structural changes in the solid state. 2' The solid state 
structure consists of polymeric chains of alternating GaH 4 and BH4 units, each gallium 
atom having 2 terminal hydrides and bound to 2 BH4 units via a single Ga-H-B 
bridge. The intramolecular interactions show markedly shorter Ga-Hi distances than 
the gas phase [1.41(5) compared to 1.586(8)A] yet longer Ga-Hb distances [1.93(7) 
and 1.826(8)A}. 
The thermal instability of gallane has prevented the detailed investigation that has 
centred around alane, but some related molecules, HGa(BH 4)2, 2 H2B(j.t-H)2GaMe2, 24 
H2Ga(t-Cl) 2GaH225 and Me2Ga(p.-H)2GaMe226 have been investigated in the gas 
phase although solid-state structural information has proved more elusive. 
All of these compounds retain to an extent the thermal instability of gallane, but the 
addition of a donor molecule can greatly enhance the thermal stability. For example 
the reaction between LiGaH 4 and NMe3HC1 in ether solution produces a gallium 
hydride adduct, {GaH 3 (NMe3)], which melts without decomposition at 70.5°C. 
To increase further the stability of the gallium hydride, the stabilisation by intra-
molecular Lewis base interactions 27 (Figure 1.1) resulted in the preparation of a 
gallium dihydride able to withstand vapour phase heating to 350T. 










Figure 1.1 Synthetic route to 2,6-bis(dimethylaminomethylene)phenylgallium 
dihydride 
The hydride transfer to the gallium atom was achieved using LiGaH 4 after it was 
observed that the use of LiAIH 4 resulted in transmetallation with the formation of the 
corresponding aluminum hydride. The compound exhibited a range of reactivity, 
mainly through replacement of the hydride groups by ethyl, triflate, chioro and 
hydroxy groups. Interestingly, the successive addition of stoichiometric amounts of 
triflic acid resulted in RGaH(OTf), RGaH(OTf) 2 with one protonated NMe 2 donor, 
RGaH(OTf)2 with two protonated NMe2 donors and only with the addition of the 
fourth equivalent was the second hydride removed. 
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1.2.4 Indane-indium hydride 
The thermal instability of indium hydrides is even more pronounced than for boron, 
aluminium and gallium. Despite the identification of the molecules InH, InH 2 and 
lInH3  in the gas phase or in a low temperature matrix environment, no molecule of 
the type InnHm has been reliably reported. 
Although no binary indium hydride has been characterised, some structures of 
compounds containing the In-H bond have been reported, e.g. a structure reported in 
1986 by Avent3 ' (Figure 1.2) showed a six-membered ring, Li-H-In-H-In-H in the 






TSi H 	TSi 
Figure 1.2 The structure of (Me3 Si)3CIn(H)(j.t-H)Li(thf) 2Q.t-H)InQi.-H)(H)C(SiMe3)3 
No information on the length of the In-H bonds was reported, but evidence for the 
presence of In-H bonds was found in the vibrational spectra where frequencies at 
1635, 1660, 1695 and 1725 cm' were assigned as v(In-H) stretching modes. The 111 
NIMIR spectra showed no resonance that could be definitively be assigned as that of an 
In-H proton. This was explained by either by the rapid relaxation caused by the 
quadrupolar nature of the "'In (I=/ 2) nucleus or by intermolecular exchange of 
hydrogen atoms bound to indium. 
The structure of an indium substituted derivative of tetraborane, Me 2InB3H8 was 
published in 199632  and featured bridging In-H bonds (shown in Figure 1.3), a 
product of the reaction between Me 3In and B4H10 . This was the first example of a 
volatile indium hydride. There was no accurate information about the In-H bond 
length owing to the limitations of the X-ray study. The average length of the In-H 
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bonds (In-H-B) was reported as 2.18(4)A. This is significantly longer than the In-H 
bonds in [R31n-H-InR3 ] - (R = CH2CMe3)33 [1.950(23) and 1.933(1 5)A]. Gas electron 
diffraction studies of [Me 2AIB3H8] and [Me2GaB 3H8]34  have given corresponding 
bond lengths of 1.906 and 1.989A respectively and it is also worth noting that close 
comparison of [Me2MB3H8] compounds indicates a more ionic formulation for the 
indium analogue, [Me2In][B 3H8] - . 
H 
Me 
LH_B - H 
_-H 
Me 	B..1 H 
H 
Figure 1.3 Me2InB3H8 
Work by Jones 35 in 1998 showed the first example of an indium trihydride complex 
formed by reacting [H31n.NMe3] or LiInH436 with a carbene compound, 
:CN(Prt)C2Me2N(Pr'). Neither InH 3 nor LiInlFI4 have ever been isolated or 
characterised, but are instead generated and used in situ. A brief outline of the scheme 
used and some spectroscopic results, with comparisons to the Al and Ga analogues, 
are listed in Figure 1.4 and Table 1.1. 
H4 H  frH 
(1)M=Al,Gaorin 	 M 
Li{4 	 i3(e3) 	N + N~V 
+ :CN(Pr1)C2Me2N(Pr') 
(2) M=M or Ga 	+:CNr')C2Me2N(P) 
Figure 1.4 Synthetic route to indium trihydrides 
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Metal lIRJcm' v(1\4-H) 1H N1VIIR MH3/6 ppm Thermal stability/°C 
Al 1730 4.63 >250 
Ga 1775 4.48 180 
In 1640 5.58 -5 (solid) 
-20 (solution) 
Table 1.1 Comparison of group 13 trihydrides spectroscopic properties 
The observed decrease in thermal stability is broadly in line with expectations and the 
greater thermal stability of the solid compared with the solution of R1n11 3 indicated 
that the decomposition involves an intermolecular process where the molecules move 
more freely in solution. 
1.2.5 Thallium hydride 
Currently, there are no reliable reports of any binary thallium hydrides. 
LiT1H4 has been only poorly characterised 17  with elemental analysis of the 
decomposition products being the only proof of the existence of this compound. 
Given the trend towards decreasing thermal stability down this group, it seems 
unlikely that the binary hydride, thallane will ever be formed in significant quantities. 
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1.3 Binary Hydrides of the Group 14 Elements 
1.3.1 Hydrides of carbon 
The binary hydrides of carbon are far too numerous to discuss in any depth here. The 
unparalleled ability of carbon to catenate means there are an infinite number of 
hydrocarbons. The simplest of them, methane, is the archetypal tetrahedral molecule. 
It has extremely low melting and boiling points (-183 and -162°C) and in contrast to 
the heavier hydrides of this group it is both air and thermally stable. It is found in the 
kilotonne scale as deposits of natural gas. Methane is known to undergo a phase 
change at low temperatures (Ca. -250°C) but IR and Raman spectra near the melting 
point indicate a high degree of rotational freedom, implying that there are only very 
weak intermolecular interactions in the solid state. 
1.3.2 Hydrides of silicon 
Silanes have been prepared since 1857 by WOhler and Buff who reacted Al/Si alloys 
with HC1. Despite the compositions of the various products being deduced in 1867 by 
Freidel and Landenburg, the thermal instability and reactivity prevented any further 
advances until Stock' developed the all-glass vacuum line and studied the silanes as 
contaminants of boranes. Silane is most conveniently prepared by the reduction of 
SiC14 with LiAIH4 as shown in Equation 1.838 
SiC14 + L'A1H4 	> SEH4 +... 	 Equation 1.8 
Silanes of the type SiH2 +2 are now well documented as unbranched and branched 
chains (up to n=8). Silane itself, SiH4 , is a very volatile compound with low melting 
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and boiling points (-185 and -122°C) and spontaneously combusts in air although it is 
thermally stable at room temperature. It is the only silane stable at room temperature. 
In common with methane, silane is known to undergo a phase change in the solid 
state, (ca. -210°C) and vibrational studies 39 suggest that in the lower temperature 
phase II the four hydrogen atoms are non-equivalent. This suggested that some form 
of interaction, possibly involving the d-orbitals of silicon, occurs. Solid-state 
structural information is not available for silane, but the vibrational evidence for weak 
interactions in the solid state is convincing. 
Perhaps the most useful derivative is trimethylsilane, Me,SiH, which is prepared by 
the reduction of Me 3 SiC1 with LiAIH4 in diglyme. 40 It is a useful reagent for the 
reduction of M-X compounds via the elimination of Me 3 SiX although the volatility of 
the silane and the silyl halide compounds usually prevents its use except when a solid 
reducing agent is unsuitable. 
1.3.3 Hydrides of germanium 
Germanes of the type GeH2 +2  (up to n = 5) are known to be volatile compounds with 
similar physical properties to the corresponding silanes. Germane has, in common 
with C144 and SiH4, very low melting and boiling points (-165 and -88°C), but 
surprisingly is less reactive than SiR 4 as it does not spontaneously ignite in air. 
Germane is synthesised by the reduction of Ge0 2 with KBH4 in aqueous solution. 4 ' 
The germanes in general are known to be less reactive than the corresponding silanes 
and perhaps for this reason have been subject to more extensive characterisation. The 
lack of convenient preparative routes has hindered the progress of germane chemistry 
yet some progress has been made including the characterisation of KGeH 3 , 42 a 
common intermediate in the synthesis of many germyl compounds. 
As with CR4  and SiFL1 , germane has been investigated in both the solid state and 
gas phase. The gas phase structure confirms the tetrahedral geometry of the 
germanium atom, but little is known about the solid-state structure. Early 
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investigations43  indicate the presence of three phases, (phase I = -166 to -196°C, 
phase II = -196 to -200°C and phase III = -200 to -273 0C), where the lowest 
temperature, phase III that has a vibrational spectrum bears a striking resemblance to 
that of SiH4 phase II. This indicates a reduced rotational freedom for one of the 
hydrogen atoms, again implying some form of intermolecular interaction in the 
condensed phase. As with silane there is no structural information for germane in the 
condensed phase. 
1.3.4 Hydrides of tin 
Stannane was first reported by Paneth in 1919 by the cathodic reduction of 
tin(II)sulfate. 4446 The rate of production was so low (0.1 ml per hour per electrolytic 
cell) as to discourage others from investigations. An improved synthetic route was 
found by the reaction of SnC1 4 with LiAIH4, Equation 1.9. 38, 47,48 
SnC14 + LiA1H4 Et20 > SnH4 +.... 	 Equation 1.9 
The aqueous preparation of stannane, Equation 1. 10, also yields a small amount of 
distannane, 49 H3 Sn-SnH3 which can also be produced by the irradiation of stannane 
with UV light in the gas phase. 50 
Sn02 + BH 	> SnH + Sn2 H6 .... 	 Equation 1.10 
The binary hydrides of tin (only stannane and distannane have been reliably reported) 
are significantly less stable than any of the lighter group 14 hydrides previously 
mentioned. The physical properties of stannane are similar to those of the lighter 
group 14 hydrides, namely the low melting and boiling points (-150 and -53 °C) and it 
decomposes slowly at room temperature and so requires storage at liquid nitrogen 
temperature (-196°C). The decomposition at room temperature to Sn and H 2 causes 
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significant problems because this decomposition is catalysed by the presence of 
metallic impurities, including tin. 5 ' The presence of a trace of oxygen is reported to 
inhibit the decomposition 12  but given the reactivity of the material it is unwise to store 
significant amounts above -196°C. 
Structural investigations of stannane have been limited, in common with the other 
group 14 elements, to gas-phase studies and vibrational studies in the solid state. 
There is only one phase in the condensed state and this also reveals a similar lack of 
equivalence of the four hydrogen atoms that occurs in SiH, and GeH 4. The lack of 
solid state structural information for each of the three prevents us from learning the 
true nature of the interaction, but from the size of the effect seen by McKean in the 
vibrational spectra 'the magnitude. . .must be very small.' 39 
1.3.5 Hydrides of lead 
The binary lead hydride, plumbane, PbH 4 has been subject to very little 
characterisation. Reports exist of lead hydrides formed by the atomisation of lead 
using atomic absorption spectroscopy 53 and via the reduction of a lead amalgam. 14 
Only tiny amounts of lead hydrides have ever been produced from these routes, and 
so have not been subject to any further characterisation. 
There are only two well reported compounds that contain a bond between lead and 
hydrogen, the volatile species Me 3PbH, 5557 and Me2PbH2 . 55 These compounds each 
have very low melting points (below -100°C) and decompose at low temperatures 
(Me3PbH decomposes above -30'). The work done on such species was carried out 
by Duffy and Holliday who prepared Me3PbH from the scheme shown in Equation 
1.11 
Ivfe 3 PbCl+KBH 4  NH, >Me 3 PbIBH 4 .xNH 3 ....... 	
Equation 1.11 
A Me 3 PbBH 4 .xNH 3 	> Me 3 PbH + (x - 1)NH 3 + H3N.BH3 
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An alternative synthesis was published the following year by Becker and Cook, 
17  and 
independently by Amberger 55 who also produced the dihydride by the reaction 
between lithium aluminium hydride and dimethyllead dichloride, Equation 1.12. 
Me 2 PbX2 + LiA1H4 -90t0-1 
1OC.,X=Br.Cl > Me2 PbH2 +.... 	Equation 1.12 
These compounds were mainly characterised by elemental analysis of their 
decomposition products until Duffy" obtained the 1H NMR spectra of Me3PbH at 
-70°C. The spectra showed a single resonance at 60.23 ppm for the tetramethyl 
decomposition product and for the trimethylleadhydride there were two distinct 
resonances at 60.85 ppm and 67.68 ppm whose approximate integrals indicated 9H 
and 1H respectively. The resonance at 67.68 ppm was made up of two unresolved 
multiplets and suggested to Duffy that this could be accounted for by an equilibrium 
in the liquid, Equation 1. 13, of 
2Me 3PbH_ 0'  >[MePb] +[Me3 PbH2 ] 	 Equation 1.13 
Amberger55 also carried out an infrared study of the molecule and assigned the band 
at 1709 cm' to the Pb-H stretch. 
After these studies in the early 1960s, no other reports of methyllead hydrides have 
been published. Although the evidence accumulated for their synthesis was 
overwhelming, no structural studies have been reported, presumably as a consequence 
of the experimental difficulties inherent in the synthesis and manipulation of these 
compounds. 
Given the thermal instability of Pb-H compounds it seems unlikely that PbH 4 will ever 
be formed in significant quantities. 
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1.4 Aims of the Present Research 
The aims of this project were as follows, 
To obtain solid-state structural characterisation of the heavier group 14 binary 
hydrides, germane and stannane, by neutron diffraction and to begin a structural 
investigation on germyl halides. 
To design, synthesise and characterise a new class of ligand, suitable for 
coordination to the softer' chalcogenophillic metals. 
To prepare organometallic compounds using the above ligands, to characterise 
structurally the products and attempt to produce base-stabilised organometallic 
main group hydrides. 
To investigate the solid state structure of lead(IV) chloride. Attempt to ascertain 
the chemistry of PbC1 4 by analogy with SnC14 . 
To determine the solid state structures of Me 3PbX compounds with X = Cl, SMe, 
SPh and SeMe. 
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Chapter 2 
Experimental Techniques 
2.1 The Manipulation of air-sensitive and 
thermally unstable compounds 
Many of the compounds described in this investigation were air sensitive, some were 
also thermally unstable, and therefore needed to be handled using specialised 
equipment. Most of the general techniques have previously been described' and so 
this chapter is concerned with a description of the equipment used and its application. 
Air-sensitive solids were handled in a Vacuum-Atmospheres dry box possessing a 
vacuum port for entry/withdrawal of equipment and samples. The nitrogen was 
supplied as 'boil-off from a Statebourne Cryogenics liquid nitrogen Dewar with any 
traces of oxygen and water being removed from the N 2 gas stream by re-circulating 
through a reservoir containing copper(I) oxide and 4A molecular sieves. Schlenk 
techniques were used to handle solids and liquids; alternative evacuation and purging 
of apparatus with dry nitrogen allowed the manipulation of compounds likely to be 
subject to hydrolysis or oxidation. 
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The more volatile compounds were handled using vacuum line techniques. The 
vacuum line used in the majority of synthesis and manipulations is shown in Figure 
2.1. The vacuum was provided by an oil-filled rotary pump to a pressure of 10 2 Torr* 
and backed up by a mercury diffusion pump which reduced the pressure to ca. 10 
Ton. Lightly greased (Dow Corning silicone grease) ground glass joints were used to 
attach further pieces of equipment as required to the main apparatus. Apiezon 'L' 
grease was used to attach the cold 'muck' trap and also for the ground glass 
stopcocks between the line and the pumps. The valves in the line itself were Young's 
greaseless valves and/or Rotaflo taps. These Teflon valves were used to reduce the 
risk of decomposition of those compounds that were liable to decompose on contact 
with grease. 
Qualitative investigations were carried out on the vacuum line using a thin (10mm 
diameter) ampoule with a Young's tap and a B14 cone to attach it to the vacuum line. 
Reactions involving two volatile species were carried out by condensing reactants and 
sometimes solvents into an ampoule at -196°C and allowing the system to warm to a 
suitable temperature for the reaction to take place without the risk of decomposition. 
Stable low temperatures were frequently required throughout this project and these 
were achieved through the use of "slush" baths. A slush bath is a partially frozen 
organic solvent obtained by addition of liquid nitrogen to the solvent accompanied by 
vigorous stirring until the slush has the consistency of wallpaper paste. A list of low 
temperature slush baths used throughout this investigation is given in Table 2.1. 
* Pressures are often expressed in Torr where 1 Ton = 1 mbar = 133 Pa 
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0 
Figure 2.1 Schematic of high vacuum line used for the manipulation of air-and 
temperature-sensitive compounds. (Attachments often used are described in the 
appropriate experimental section) 
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Solvent Temperature 1°C 
Ice / Ammonium Chloride -8 
Ice / Rocksalt -15 
Bromobenzene/ Liquid N 2 -30 
Chlorobenzene / Liquid N2 -45 
Chloroform / Liquid N2 -63 
Acetone / CO2 -78 
Toluene / Liquid N2 -95 
Diethyl ether / Liquid N2 -116 
Pentane / Liquid N2 -126 
Table 2.1 Solvents used for the preparation of slush baths 
By the combination of a known low temperature with a pressure gauge it was possible 
to determine accurately the vapour pressure of a compound at a specific temperature. 
This can provide an excellent means of assessing the purity of a given compound. 
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2.2 Analytical Techniques 
2.2.1 	Infrared spectroscopy 
Infrared spectra were recorded on a Perkin-Elmer Paragon 1000 FT-IR spectrometer. 
Compounds were studied using a variety of methods. Liquids or oils were pressed 
between two KBr discs; solids were ground up in dry KBr powder and pressed into a 
translucent disc; or for the air-stable organic compounds a simple Nujol mull between 
two KBr discs was the preferred method. Thermally stable compounds of sufficient 
vapour pressure were studied in a standard 10 cm glass cell fitted with CsI windows. 
The more thermally sensitive, volatile compounds were studied using a 'cold cell' 
shown in Figure 2.2; Sample vapours were condensed via the inlet system onto a 
central, cooled CsI window, which could then be rotated round the ground glass joint 
for data collection. Spectra were recorded through the CsI windows attached with 
black wax. 
t Mdbw 
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Figure 2.2 'Cold cell' for the infra red analysis of volatile/thermally unstable 
compounds. 
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2.2.2 Nuclear Magnetic Resonance Measurements 
NIVIR spectra were recorded on Bruker AC250 and AC200 FT spectrometers by the 
departmental service. Air-stable samples were prepared by dissolving the sample in 
the deuterated solvent and pouring (filtering if required) into a 5mm Pyrex NMR 
tube. Air-sensitive or volatile compounds were loaded in the dry box or condensed 
into an NIvIIR tube fitted with a B 10 cone ground glass joint. The deuterated solvent 
could then easily be condensed onto the sample before sealing off under vacuum with 
the flame from a hand torch. Spectra were recorded against the shift of [(CH 3)4Si] ('H 
and 13C), [BF 3 .Et20] ("B), [Me2Se] (77  Se), and [PbMe4] (207Pb). 
2.2.3 Mass Spectrometry 
In the commonly used electron-impact (El) mode, a mass spectrometer bombards 
molecules in the vapour phase with a high-energy electron beam and records the result 
of electron impact as a spectrum of positive ions separated on the basis of 
mass/charge (m/z); most of the charged ions are singly charged. Electron impact is 
often described as a 'hard' ionisation technique because the sample molecule is often 
broken down very quickly in the electron beam. The 'soft' technique used in this 
investigation was Fast Atom Bombardment (FAB). In this case the bombarding beam 
consists of xenon atoms which are ionised to give xenon radical cations and then 
accelerated and fired at the sample in a matrix. This bombardment generates ions and 
neutral species (from both the sample and the matrix) and these ions are accelerated 
towards the mass analyser. The main limitation of this technique is the need for a 
matrix, which had the potential to react with many of the samples produced in this 
project. 
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2.2.4 Raman Spectrometry 
Raman spectroscopy is often used as a complementary technique to infrared 
spectroscopy, but during the course of this project it was frequently used in 
preference to infrared spectroscopy owing to its capability for detecting vibrational 
modes that occur below 400 cm, the cut-off point for the infrared spectrometer used 
in this study. This was particularly important for the study of compounds containing 
metal-halogen bonds. In the standard Raman experiment, the sample is illuminated 
with monochromatic light, usually generated by a laser, and two types of scattered 
light are produced. Rayleigh scattering emerges with unchanged energy and 
wavelength, and Raman scattering emerges with either shorter or longer wavelength 
than the incident light, but also with a much lower intensity than the Rayleigh 
scattering. Photons of light from the laser, of frequency 'v 0 ', induce transitions in the 
sample and the photons gain or lose energy as a consequence. For a vibrational 
transition of frequency 'v i ', associated Raman lines of frequency v o ± v i appear in the 
scattered beam. In these experiments the anti-Stokes (v o - Vi) frequencies were 
recorded. The principal selection rule for a vibrational mode to be Raman active is 
that the nuclear motions involved must produce a change in polarizability. 2 
Raman spectra were recorded using a LabRam (Instruments S.A.) confocal 
microscope with 25 mW laser excitation at 632.8 rim focused to a diameter of 126 pm 
with a x 50 objective lens which also served to collect the scattered light. The same 
objective allowed the sample to be viewed in white light and Raman spectra could be 
collected from areas as small as 2 m in diameter. Spectra on the anti-Stokes side (v o 
- Vi) are shown. The apparatus is limited by the inability to handle thermally unstable 
compounds or the very air-sensitive materials. In the case of instability toward 
air/water in most cases a capillary was constructed from a glass pipette and sealed 
with a flame allowing spectra to be recorded without the risk of a sample 
decomposing. An alternative method was to simply pipette a sample onto a glass 
microscope slide, seal by placing a second slide on top and then seal further using 
Sellotape around the edges of the slide. 
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2.2.5 X-ray Crystallography 
X-ray crystallography is widely accepted as the most powerful commonly available 
method of structural characterisation. There are two main methods of this technique, 
powder diffraction and single crystal diffraction. This project made extensive use of 
the latter technique. 
The principle of the diffraction method is that the single crystal is bombarded by 
radiation of a fixed wavelength (usually from Mo 0.7093 A or Cu 1.5405 A) 
generated by impacting a metal source with an electron beam. This X-ray beam is 
diffracted by the crystal and the scattered radiation is detected. Through an interaction 
with the electrons of the sample it is scattered in different directions. The variation of 
intensities of this radiation occurs caused by interference effects. By using Fourier 
transformation techniques it is possible to recombine the detected data to give a map 
of the electron density in the crystal. This map shows the positions of the atoms by 
their electron density in the sample and a complete geometrical description of the 
structure can be obtained. 
The first step of this determination is to obtain the unit cell. This can be done by 
looking at the diffraction pattern, for example of a single crystal photograph, but more 
usually by auto-indexing programs. 3 
In the second step, the diffractometer measures the position and the intensity of each 
peak while turning the crystal round by 180° and the detector by 360'. The data are 
then reduced through the application of various corrections. The most important 
correction is the absorption correction. A small amount of the radiation always 
undergoes an absorption and this is dependent on path length of the X-rays through 
the sample. Because this length varies as the crystal orientation is changed, each 
reflection is affected differently. This correction is often the most significant factor in 
the solution of the structure. 
The solution of the structure is carried out by the application of various computer 
programs. There are numerous different methods for structure solution, the most 
common ones being the direct and Patterson methods.4 
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When the X-ray scattering pattern is recorded, the individual wave amplitudes are 
retained as relative intensities but the relative phases are lost. The direct method is 
mostly used for compounds consisting of atoms with similar numbers of electrons 
such as organic molecules. It seeks to obtain the approximate reflection phase from 
the measured intensities with no other information and is essentially a trial and error 
method. 
The Patterson method is often used for molecules with 'heavy atoms' for example, 
PbC14. It deals with the phase problem by generating a map of vectors between pairs 
of atoms in the structure and not their absolute positions. 
A problem encountered with many compounds is precise location of H atoms in the 
molecule, owing to their relatively low contribution to the scattering, particularly in 
the presence of heavy atoms. They are therefore impossible to locate precisely 
because of their low electron density. Usually this is dealt with by a bootstrap 
procedure, where a process of recalculating the diffraction pattern from a model 
structure and again calculating the structure is repeated until the Fourier transform 
calculations give no further improvement. 
The final stage is the refinement process, giving all atom positions, the displacement 
parameters and the space group. This process uses a least-squares procedure which 
gives the best fit between the calculated and the observed diffraction pattern by 
modifying the model structure in any way. 
Once complete and all atom positions are known, the results may be displayed 
graphically to give a picture of the individual molecules and the packing arrangement 
in the crystal structure. 
2.2.5.1 	The Growth of Single Crystals at the Diffractometer 
The structural investigation of low melting, volatile compounds has until recently 
centred on studies in the gas phase using Gas Electron Diffraction (GED). Such low 
melting compounds as B 2H6 , 5 Al(BH4)36 Ga2H,7 Me2SnH28 etc. are often volatile 
species and so are ideal candidates for the GED experiment. The very nature of a gas 
means that there are no intermolecular interactions present whereas in the solid state 
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these interactions often play a significant role in determining the physical properties of 
a compound. This is now being addressed using the technique of low temperature X-
ray crystallography. The low-temperature X-ray technique is a powerful method for 
the characterisation of the structures of either compounds with a low melting point or 
samples which are unstable at room temperature. Recent successes with this technique 
have includes the single crystal structures of Me 2SnH2 , 9 112B(p.-H)2GaH2,'0  Me3PbH9 
and the series of tetrachlorides of the group 14 elements.' 1 
In a typical experiment, a sample was loaded by capillary action in a 20 mm Pyrex 
capillary with a diameter < 0.3 mm, which was then flame sealed using a hand torch. 
Once a satisfactory capillary had been filled and sealed with no visible signs of 
decomposition the sample was transferred to the diffractometer. 
The capillary was placed on the goniometer head of the diffi -actometer. The sample 
was then frozen solid using a stream of cold N 2 emerging from the nozzle of the 
Cryosystream. There are other systems to control the temperature at the capillary 
such as the use of a laser to melt the crystal selectively, liquid cooling or by 
conduction, but the gas cooling system is the most common one. Cooling the sample 
results in the formation of a solid. Often this material was a polycrystalline solid 
(much the same as if a product is crashed out of solution at too low a temperature) 
and not a single crystal. The temperature was then slowly increased until most of the 
sample was molten and the liquid and solid phase were in direct contact. When only 
one crystal seed was left, the temperature was lowered very slowly at a rate of about 
5 K hr- '. If no other seed crystal appeared during this growth, a single-crystal could be 
grown. The quality of the crystal produced can be monitored by viewing with a 
microscope attached to the diffractometer. A polarisation filter at the microscope as 
well as at the light source behind the capillary allowed the determination of how the 
crystal extinguished the light. This is a very convenient way to check if the crystal is 
suitable for the diffraction experiment. 
For this 'in situ' crystallisation a precise system of cooling and heating is needed. The 
cooling is obtained by the cold nitrogen at a precisely controlled temperature flowing 
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from the variable temperature device. Two different options exist for heating the 
sample, one is the variation of the flow of the cold gas stream, the second is obtained 
with variable supplementary heating by a constant flow rate. 
A further point which needs addressing is the protection of the capillary from the 
formation of ice which may grow on the outside of the glass. There are two 
commonly used methods to protect against this; the Syntex system incorporates a 
heater to warm the outer regions of the cold gas stream above ØO  C to avoid ice. The 
advantage of this system is that no extra source of warm gas is needed but a 
disadvantage is the high consumption of nitrogen and the unpredictability of 
turbulence in the two streams effectively they mix and reach an intermediate 
temperature if the pressure is not adjusted precisely. Turbulence can also be avoided 
by working with a double ring nozzle, which gives iso temperature lines of the gas 
stream at various velocities and is based on aerodynamic principles. 
The design of the apparatus (shown in Figure 2.3) places two constraints on the 
samples that can be studied in this way. Firstly the use of liquid nitrogen as the 
cryostream gas boiling off from a cylinder at -196°C places a lower limit on the 
melting point of samples that are suitable for this technique of around -1 50'C. The 
difference of 46°C is due to the difficulty in retaining the precise control needed for 
the experiment. (The samples discussed in Chapter 3, germane and stannane, are 
prime examples of compounds that melt at or below this lower limit having melting 
points of -165 and -150°C respectively). An obvious alternative to nitrogen is to use a 
helium cryostream which ought to be able to provide precise temperature control 
down to --220°C, more than cold enough to freeze most samples. Such systems are 
available 12  but the type of heat shielding required to protect the sample from 
background heat currently does not allow for a viewing window to permit visual 
inspection of the crystal growth process. For now this make the study of crystal 
structures of samples with a melting point below -1500C unfeasible. 
Secondly, the linear shape of the capillaries places a physical constraint on the shape 
of crystals that can be grown. This presents a problem for samples that would usually 
adopt a needle-like form. Crystal growth along the axis of the capillary then becomes 
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so facile that twinning often occurs, complicating the process of single crystal data 
collection and refinement sometimes to such a degree as to make the whole process 
unfeasible. 
The sample can also introduce its own complications, both in mounting on the 
diffractometer and during the crystal growing process. 
The technique by its very nature is only applied to the in situ growth of crystals from 
samples of very low melting points or low thermal stability. Frequently both 
characteristics are present and complicate the sample mounting procedure. In some 
cases the time taken to remove the sample from liquid nitrogen storage, attach it to 
the Tufnol mount, and then to place it in the gas stream is sufficient for the sample to 
boil and shatter the capillary or to decompose to a state that makes study pointless. 
For the more fragile of samples where these problems are likely to occur, the 
instability can be overcome by transferring the capillary directly from liquid nitrogen 
storage (usually a Dewar flask) to a copper block, into which a small hole has been 
drilled, cooled by liquid nitrogen. The capillary may then be transferred without 
allowing the temperature to rise too far above -196°C. The sample mounting may then 
be performed with one end of the capillary cooled in the block at liquid nitrogen 
temperature while the other end can be glued to the Tufnol mount. Rapid transfer to 
the gas stream at the diffractometer is then sufficient to maintain the integrity of the 
sample. In effect the procedure is more dependable when split into two separate 
actions. 
The difficulties encountered with the sample in the in situ growth process are 
expressed either as a tendency of the sample to produce twinned crystals on cooling, 
or as a failure to produce crystals at all. Glass formation can occur if the process of 
warming from a polycrystalline mass goes too far, and no seed crystal remains to 
initiate single crystal growth on subsequent cooling. Supercooling below the normal 
melting point of the sample can then result, ending in either a sudden transition back 
to a polycrystalline mass, or in the formation of a glass. 
In this case, cooling to well below the normal melting point of the sample is usually 
enough to ensure the transition from the glass to a polycrystalline mass suitable for a 
further attempt at single crystal growth. In some cases, however, the formation of a 
X-Ray Source 
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glass in preference to a single crystal is dictated by the sample itself, rather than by 
experimental agility. Samples of this type, that simply do not produce single crystals, 
are unsuitable for this technique. 
A final complication of this technique arises in the final stages of sample preparation, 
when the single crystal so carefully grown is cooled to sufficiently far below its 
melting point to ensure its mechanical stability, and to reduce the thermal motion of 
the atoms therein. It sometimes happens that during this cooling process the sample 
changes phase, reducing the single crystal of one phase to a polycrystalline mass of 
another. 
This can be avoided by collecting data if possible above the temperature of the phase 
change. In some cases, however, the transition temperature is only a few degrees 
below the normal melting point of the sample. Here, it is sometimes possible to 
exploit the supercooling mentioned above to bypass the phase change, growing 
crystals of the low temperature phase only. This requires a sample of melting point 
substantially above the low temperature limit of the gas stream. 
Figure 2.3 	The arrangement of capillary and cooling system in a low temperature 
X-ray diffractometer 
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The diffractometer used in this project for the low temperature determination was a 
Stoë Stadi-(4-circle) diffractometer with an Oxford Cryosystems' 3 low temperature 
device to cool down the sample. The collection of the data was made by using 
standard methods. The structure of the compounds were solved using the computer 
programs SITELXS and refined with SHELXL.' 4 
• Crystal structure refinements were carried out by Drs Parsons and Coxall or by A. 
Parkin and P. McGregor. 
• The growth of single crystals at low temperature were carried out by Drs Parsons 
and Coxall. 
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2.2.6 	Neutron Diffraction 
To gain meaningful information about the bond length of hydrogen to any atom 
(particularly heavy ones such as Ge, Sn or Pb), the usual technique of X-ray 
diffraction is unsuitable. 
X-rays are scattered by electrons, not by the individual atomic nuclei. The X-ray 
diffraction experiment produces a map of electron density for the sample under 
investigation. Atoms can then be assigned to these centres of electron density which 
results in the generation of a molecular structure that corresponds most closely to the 
electron density. Hence, the position of a hydrogen atom (1 electron) next to a tin 
atom (50 electrons) cannot be determined with precision because the centre of 
electron density lies much closer to that of the tin atom. This means that M-H bond 
lengths are routinely underestimated and this imprecision, even for lighter atom-
hydrogen bonds such as C-H or N-H, applies to all hydride bond distances. 
Neutron diffraction, however, relies on the scattering of atomic nuclei and is 
independent of the number of electrons. The scattering intensity depends upon the 
size of the nucleus and the scattering cross section; a term known as the scattering 
length. The scattering lengths of atoms and isotopes appear to vary in a quite random 
way across the periodic table when compared to the linear increase with atomic 
number for X-ray diffraction scattering strengths. One of the problems frequently 
encountered in preparing samples for neutron powder diffraction is that 'H is an 
incoherent scatterer resulting in a very large background. Deuterium, though, is an 
excellent scatterer, the scattering length of which is very similar to that of carbon ('H 
= -3.94 fin, 2H = 6.67 fin and 12C = 6.65 fm) and is, of course, chemically identical to 
hydrogen, 'H. 
The High Resolution Powder Diffractor (HRPD) instrument at the ISIS facility, 
Rutherford Appleton Laboratory in Didcot, Oxfordshire is the highest resolution 
powder diffractometer in the world. Time-of-flight neutron powder diffraction data 
were collected at backscattering (<20>=168°) using two time-of-flight ranges; 30 ms 
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to 130 ms and 110 ms to 210 ms, corresponding to a total d-spacing range of'-'0.6 - 
4.2 A. Under these experimental settings the diffraction data have an approximately 
constant resolution of iSd/d = 8x10 4 . HRPD has additional detector banks at 90° and 
300 that significantly extend the range of d-spacings accessible, but these data was not 
required for the present studies. 
Neutrons at the facility are generated by if ions formed by electrical discharge 
through a mixture of H2 gas and hot caesium vapour which are then accelerated to 
665 keV and injected into the linear accelerator. In the drift tube linear accelerator, 
the if ions are accelerated to an energy of 70 MeV for injection into the synchrotron. 
On entering the synchrotron the negatively charged if ions pass through very thin, 0.3 
j.im, aluminium oxide foil that removes electrons from the ions, leaving only the bare 
protons. Once the bare proton beam has been accelerated to 800 MeV in the 
synchrotron it is deflected out by 3 fast kicker magnets for transport to the neutron 
and muon targets. The injection and extraction process is repeated 50 times a second 
and the current in the kicker magnets rises from 0 to 5000 Amps in 100 nanoseconds. 
The extracted proton beam passes over the synchrotron on the way to the neutron and 
muon targets. The proton beam makes approximately 10,000 revolutions of the 
synchrotron before being extracted This beam is steered and focused by dipole and 
quadrupole magnets and accelerated by alternating voltages applied across 6 double 
gap cavities in the ring. Stretching away into the distance is the chain of magnets that 
keep the beam tightly focused as it passes through the intermediate graphite muon 
production target before hitting the neutron target inside the target station. 
Neutrons are created in the centre of the target station when the proton beam collides 
with the nuclei of tantalum ions within the target. The energised nucleus of each 
tantalum ion releases energy by evaporating nuclear particles, (mainly neutrons) in all 
directions. Each proton produces approximately 15 neutrons. The resulting neutron 
pulse passes through a liquid methane moderator, then up a 100 m wave guide to the 
diffractometer allowing the high resolution data to be recorded at d-spacings of up to 
5-6 A, and data of a lower resolution to be recorded up to and beyond a d-spacing of 
20A. 
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The neutron pulse entering the HRPD consists of neutrons of varying energy and 
wavelength. Instead of passing the pulse through a monochromator, removing all but 
those neutrons of a single wavelength, HRPD measures the time of flight of each 
neutron arriving at the detector. The fundamental law of diffraction is Bragg's Law 
(Equation 2.1) 
n,Q = 2dsin9 
	
Equation 2.1 
In the time-of-flight method (TOF), X and d are the variables at fixed a This is in 
contrast to conventional diffraction techniques in which 8 and d are variables at fixed 
X. Thus the pulsed method gives much faster data collection. 
The output of the TOF experiment is a plot of diffracted intensity against time, from 
which sample d-spacings can be calculated. 15 
In terms of the information gained from a neutron diffraction experiment the 
technique is very similar to the more commonly available X-ray diffraction. However, 
in the terms of this project the one vital difference is the ability to locate hydrogen 
atoms in the presence of heavy atoms. 
2.2.7 	Elemental Analysis 
CHIN analysis was performed using a Perkin-Elmer 2400 CHIN Elemental Analyser by 
the Departmental service. Nearly all of the materials produced during this project 
were air sensitive and this caused difficulties; namely that they frequently decomposed 
before combustion thereby giving erroneous results, despite the strenuous efforts that 
were made to prevent decomposition. 
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2.3 The Preparation and Purification of 
Essential Reagents and Solvents 
Some of the materials synthesised and studied in the course of this investigation had 
as precursors compounds that were not available from commercial sources. These 
precursors were prepared from commonly available materials that were purified prior 
to their use. All of the solvents used were dried thoroughly before use. 
Tables 2.2 and 2.3 describe the procedures undertaken for the purification of readily 
available reagents and solvents. The preparation of essential reagents according to 
literature methods is listed in Table 2.4. 
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Solvent Source Purification Procedure 
Hexane Rathburn Refluxed over CaH 2 followed 
by distillation 
and storage over 
molecular sieves 
n-Pentane BDH 
Diethyl ether Prolabo 
Tetrahydrofuran Prolabo 
Toluene Prolabo Refluxed over Na, then as above 
Acetonitrile Fischer Refluxed over P 205 
Chloroform Prolabo Stored over molecular sieves 
Carbon tetrachloride Aldrich Stored over molecular sieves 










Freeze, pump, thaw and stored over 
molecular sieves 
Table 2.2 The purification of commonly used solvents 
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Compound Source Purification Procedure 
N2 BOC Boil off from a Statebourne Cryogenics liquid N 2 dewar, 
dried by passing over molecular sieves. 
H2 BOC Used as supplied 
NH3 BOC Condensed 	on 	sodium 	followed 	by 	trap 	to 	trap 
distillation 
PhLi Aldrich Used as supplied 
BuLi Acros Used as supplied 
MeLi Aldrich Used as supplied 
LiAIH4 Aldrich Recrystallisation from dry diethyl ether 
LiAID4 Aldrich Used as supplied 
L1BH4 Aldrich Recrystallisation from dry diethyl ether 
NaBH4 Prolabo Used as supplied 
KBH4 Aldrich Used as supplied 
Table 2.3 The purification of essential reagents 
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Compound Synthetic Route References 
LiH Bubble hydrogen through a solution of BuLi in hexane 16 
with TMIEDA 
LiInH4 Add a slurry of Et 20 / InC13 to a suspension of LiH in 17 
hexane at -78°C. Allow to warm and use upon first signs 
of decomposition. 
PbC14 Bubble C12 gas through a suspension of PbC12 in HC1. 18 
Add 	pyridine 	and 	filter 	pyridinium 
hexachloroplumbate(IV). Dissolve this in H 2SO4 , after 1 
hour PbC14 forms as an oil. 
PbMe4 Slowly add MeLi to a suspension of Mel and PbC1 2 in 19, 20 
Et20, remove solvent in vacuo and purify by trap to trap 
distillation. 
PbMe3Br Add Br2 to a suspension of PbMe 4 at -78°C stir for 6- 21, 22 
8hours. 
2,6- 2,6-bis(methylenebromide)phenyl bromide and Me 2NH 23 
bis(dimethyl in sealed tube. Work up by neutralising and removing 
aminomethyl HBr from organic ligand in CHC1 3 
ene)phenyl 
bromide 
Table 2.4 The preparation and purification of essential reagents not commercially 
available 
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Chapter 3 
The Solid-State Structures of Germane-d4 
and Stannane-d 4 
3.1 Introduction 
Despite the advances made in X-ray and neutron crystallographic methods over the 
last 30 years, there are several classes of compound for which structural information 
about the solid state is sparse. Such a class of compounds is exemplified by the binary 
hydrides of the main group elements, of which solid-state structures are known only 
for a few compounds such as B 2H6 ,' [AlH3],2 H203, BF, HCl, HBr and HI4 . 
Although this remarkable gap in our knowledge has been caused in part by the 
instability (or non-existence) of certain hydrides, e.g. 11111 3, T1H3, PbH4, BiB3, the 
main reason lies in the difficulties involved in obtaining suitable single crystals. Many 
of the more covalent hydrides are liquids or gases at ambient temperature and so 
have, until recently, escaped the attention of solid-state chemists. This position is now 
changing, however, with the development of techniques for in situ growth of crystals 
from liquids with low melting points. (This technique, outlined in the following text, 
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was discussed in depth in Chapter 2). In a typical experiment, the liquid sample is 
contained within a sealed capillary mounted in a thermally insulating support, which is 
in turn mounted on the goniometer of an X-ray diffractometer. By judicious warming 
and cooling of the sample just below its melting point, a single crystal can be grown in 
situ with X-ray data being collected in the normal way. Thus, the solid-state 
structures of group 13 tetrahydroborate derivatives (such as Me2AIBIFL, 5 H2GaBH4, 6 
and Me2InB3H87) have recently been determined by single crystal X-ray diffraction. A 
recurring theme in these structures is one of intermolecular interactions involving 
bridging hydrogen atoms resulting in the adoption of polymeric structures. In 
contrast, the structures of hydride derivatives of the heavier Group 14 elements have 
scarcely been investigated; and only the solid state structure of GeH 3 C18 is known. 
None of these hydrides has been studied using neutron diffraction and so hydrogen 
positions have not been located with any degree of precision in structures containing 
heavy elements. With the development of increasingly powerful computational 
methods, theoreticians are now working towards tackling the problem of predicting 
solid-state structures. In many ways, simple binary hydrides are convenient model 
systems for testing these calculations and so there is added impetus to obtain 
experimental structures in which hydrogen positions have been located with sufficient 
precision to allow meaningful comparison with the theoretical results. 
We chose to study first the compounds germane and stannane on account of their 
relative ease of handling. Some information about their solid-state structures has been 
deduced from vibrational studies 9 which indicated that in the solid state the molecular 
symmetry is decreased from tetrahedral by H" M intermolecular interactions. 
Although X-ray diffraction is the usual tool for structural characterisation of 
molecules it has deficiencies in the characterisation of hydrides because of the 
uncertainty surrounding the location of the hydrogen atom, accentuated in examples 
where hydrogen is positioned adjacent to a heavy atom such as germanium or tin. 
Previous attempts to grow single crystals at low temperatures from the liquid sealed 
in glass capillaries failed on account of the very low melting point of stannane, 
-150°C, making it difficult to maintain the temperature gradients required for high 
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quality crystal growth. However, two methyl derivatives of stannane, Me 2SnH2 and 
Me3 SnH'° have been studied in the solid state by low temperature X-ray diffraction 
and an Sn-H bond length of 1.63(5) A was found. Owing to the limitations of locating 
hydrogen positions in the presence of heavy atoms using X-ray diffraction the length 
of this bond was not determined precisely, but seems consistent with the results of a 
gas-phase electron diffraction experiment" [1.680(15)A]. Since germane has an even 
lower melting point (-165°C), no attempts at single crystal growth were made. 
The scattering of X-rays is directly dependent on the number of electrons so tin will 
scatter 50 times as strongly as hydrogen, making the hydrogen's position difficult to 
determine. When using neutron diffraction, the scattering is dependent on the size of 
the nucleus together with the number of neutrons which are reflected (the scattering 
length). The strength of scattering by nuclei appears to vary quite randomly across the 
periodic table, 'H is one of the few isotopes that is an incoherent scatterer which 
results in very high background levels when data are recorded. Conveniently, 
deuterium is an excellent scatterer so samples can often be prepared in a similar 
fashion, merely using deuterated reactants (and sometimes solvents). 
For the compounds in this chapter, neutron powder diffraction at the HRPD 
instrument part of the ISIS facility, Rutherford Appleton Laboratory in Didcot was 
used to determine the solid state structures of GeD 4 and SnD4. 
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3.2 The Synthesis of GeD4 and SnD4 
The syntheses of both stannane and germane were carried out in essentially the same 
way (Equation 3.1) by reacting MC1 4 with 4 molar equivalents of LiAID4 in diethyl 
ether and trapping the volatile products. 12 
IvIC14 
LIA1D4 /Et,O 
> MD4 	 Equation 3.1 
The preferred method of producing GeH 4 is shown in Equation 3.2 
Ge02 + KOH + KBH4 20 > HGeO; +2K+ + BH 	
Equation 3.2 
HGeO + 2H + BH H2'N2 > GeH + H3 B0 3 
This method of synthesis successfully produces GeH4 with a conversion rate from 
Ge02 of up to 75% 13 
It was deemed impractical to use fully deuterated starting materials (D 20, KOD, 
KBD4 and CD 3CO2D) but to use the lower yield (-10%) synthesis, analogous to that 
of SnD4 . 
The reaction vessel for these experiments was a three-necked lOOml round-bottomed 
flask equipped with a cold finger condenser, attached to a high vacuum line. One of 
the three necks was attached to a nitrogen inlet line and the other contained a 






Gal  b 
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Figure 3.1 Apparatus for the synthesis of germane and stannane. 
Previous experience in this laboratory had found that in the preparation of stannane, 
yields were optimised if LiAIH4 was present in a 1.6 molar excess. Stannane is 
thermally unstable at room temperature and decomposes via the route shown in 
Equation 3.3. Both compounds are best stored at -196°C to avoid decomposition. 
Stannane is known to decompose autocatalytically in the presence of metallic tin. 14 
MD4 A > M + 2D2 	 Equation 33 
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3.2.1 Experimental details for the synthesis of Germane-4 
The apparatus was evacuated whilst heating with a heat gun and allowed to cool. 
After cooling to room temperature the system was purged with nitrogen, LiAID 4 
(3.05 g, 71.4 mmol) was added to the round bottomed flask. The round bottomed 
flask was cooled to -196°C (liquid nitrogen) and diethyl ether (30 ml) was condensed 
on the LiAID4. A solution of diethyl ether (Ca. 100 ml) and GeC14 (9.54 g, 44 mmol) 
was added via cannula to the dropping funnel. The system was then re-evacuated. The 
cold finger was filled with dry ice and acetone to maintain a steady temperature of - 
78°C (solid CO2/acetone), so as to condense diethyl ether and prevent it reaching the 
vacuum line. The round-bottomed flask was allowed to warm to -78°C and stirring 
commenced. The slurry of GeC14 / Et20 was added dropwise over a period of 4 hours. 
The vapour that passed by the cold finger reached a series of 4 cold traps, the 
temperatures of which were 2 x -95°C (toluene slush), -126°C (n-pentane slush) and - 
196°C. The use of two traps at -95°C was to separate the product from traces of 
diethyl ether which inevitably passed through the cold finger. The product collected in 
the coldest trap and was then re-distilled by passing it through the -126°C trap five 
times, removing the last traces of diethyl ether. 
The product was identified as GeD 4 by reference to its infrared spectrum 12  which 
showed the characteristic absorption at 1520 cm, the Ge-D stretching frequency. 
The amount of germane was found to be 0.30 g, representing a yield of only 9%. 
Although the reaction shown in Equation 3.2 produces a superior yield of GeH 4 this 
preparation was deemed to be preferable because of the requirements of the neutron 
diffraction experiment for fully deuterated material. 
Ge114 has previously been shown to react with LiA11-1 4 producing LiGeH3AJH3 in 
etheral solvents at room temperatures.' 5 The yield for the preparation of germane-d 4 
compares well with the literature figure of 17%.12 
This was a typical yield and the process was repeated a further 6 times on a similar 
scale to produce the 2g needed for the neutron experiment. 
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3.2.2 Experimental details for the synthesis of Stannane-d4 
The apparatus used was similar to that described for the synthesis of GeD 4. After 
setting up the apparatus, it was evacuated whilst heating with a heat gun and allowed 
to cool. After cooling to room temperature the system was purged with nitrogen, 
LiAID4 (2.57 g, 61 mmol) was added to the round bottomed flask. The flask was 
cooled to -196°C and diethyl ether (Ca. 100 ml) was condensed onto the LiAID 4. A 
solution of ether (Ca. 60 ml) and SnC1 4 (10.05 g, 39 mmol) was added via cannula to 
the dropping funnel. 
The system was then re-evacuated. The cold finger had previously been filled with 
solid CO2/acetone to maintain a steady temperature of -78°C, to condense the ether 
and prevent it reaching the vacuum line. The round bottomed flask was allowed to 
warm to -78°C and stirring commenced. The slurry of SnCWEt2O was added 
dropwise over a period of 2 hours. The vessel was periodically allowed to warm 
slightly and this resulted in rapid refluxing of the solvent. The vapour that passed by 
the cold finger reached a series of 4 cold traps, the temperatures of which were 2 x 
-95°C (toluene slush) and 2 x -196°C. The presence of two traps at -95°C was to 
separate the product from diethyl ether which inevitably passed through the cold 
finger. The majority of the material trapped out at -95°C was ether but some stannane 
is known to remain at this low temperature from previous syntheses in this laboratory. 
This material was distilled through a series of traps, 2 at -130° and 2 at -196°C and 
combined with the original fractions trapped at -196°. This material was then passed 
four times through a further trap at -130 0 to remove any lingering traces of diethyl 
ether. This material was then identified by infrared spectroscopy. 
Stannane-d4 showed absorptions at 1366 (Sn-D stretch), 540, 501 and 486 cm' in 
good agreement with previous observations. 12  In this experiment, the amount of 
stannane produced was -2 g (16 mmol) representing a yield of 41% based on the 
amount of SnCl4 used as starting material. 
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3.3 High Resolution Powder Diffraction 
(HRPD) at ISIS 
3.3.1 Experimental Details - Sample Treatment 
The samples were prepared in a standard vanadium-tailed liquid-helium "orange" 
cryostat using a stainless steel gas inlet line, equipped with a Baratron pressure 
transducer, based on a design by Langel, Kolihoff and Kn6zinger. 16 The compounds 
were deposited at a low rate by holding the ampoules containing the samples at 
180 K, controlled by using an acetone/N 2 slush bath, and expanding the vapour into 
the inlet line. The vapour was then allowed to condense into a standard cylindrical 
vanadium sample tube (diameter 15 mm, height 40 mm) attached to a copper heat 
sink. The pressure in the gas inlet line was monitored using a Baratron gauge. A low 
rate of deposition was essential in order to keep the heat dissipation during 
condensation to a minimum and thus prevent the powder from annealing or melting. 
Approximately 2 g of GeD 4 were condensed at 65 K and 2 g of SnD4 were condensed 
at 75 K. These temperatures correspond to '0.6XT mp of each compound at which 
point there is a negligible vapour pressure. This temperature has been identified as 
ideal for producing powder particles of the correct size for this type of experiment 
The samples were then cooled slowly to 4 K for the diffraction measurements. 
Although stannane decomposes slowly at ambient temperatures and more rapidly in 
the presence of metallic tin, there was no sign of any decomposition during 
deposition, attesting to the cleanliness of the transfer line. 
Diffraction data were recorded on both compounds at 4 K for a period of 12 h. No 
evidence of preferred orientation was observed following tests monitoring intensity 
variations of strong reflections on rotation of the sample around the vertical axis. A 
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standard data reduction procedure was followed: the data were normalised to the 
incident beam monitor profile and corrected for the effects of detector efficiency as a 
function of neutron wavelength using a previously recorded vanadium spectrum. 
Although germane is believed to undergo two phase changes in the region 4 K to 
65 K, owing to pressure of time we did not investigate the effect of temperature on 
the powder patterns. 
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3.4 Structure Solution and Refinement 
Both solution and refinement were carried out by Dr. R. Ibberson at the ISIS Facility, 
Rutherford Appleton Laboratory. 
For both samples, the first 25 low-order Bragg reflections (1.5 A < d < 4.0 A) at 5K 
were located by visual inspection, to an accuracy of 0.001 A, and the unit cell 
determined using the auto-indexing program ITO. 17 In each case solutions with a high 
figure of merit were obtained and all reflections were indexed (see Table 3.1). 
GeD4 SnD4 
a(A) 7.3559 8.8771 
b(A) 8.1640 4.5482 
c(A) 4.5392 8.7595 
90.000 90.000 
13(0) 90.000 119.31 
90.000 90.000 
Figure of merit m(20) 40.8 66.3 
Lattice P P 
Table 3.1 Results of auto-indexing for GeD 4 and SnD4 
In the case of GeD4, density considerations suggest that there are four molecules in 
the unit cell, which implies a non-centrosymmetric orthorhombic space group, 
assuming the structure comprises one molecule on a general position in the 
asymmetric unit. The highest symmetry space group consistent with the systematic 
absences is P2 12 12 1 and using this space group, structure factor amplitudes were 
extracted using a Bayesian approach formulated by Sivia and David 18 and fully 
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described elsewhere.' 9 Reliable intensity information could be extracted for a total of 
226 structure factor amplitudes, F(hld)I, to a minimum d-spacing of 0.93 A, which 
were used as input to the direct methods program MTTHRIL. 2° The program was run 
using default parameters. After normalisation, 85 of the observed reflections had IEI 
values >1.0 and were available for the development of phase relationships. A standard 
direct-methods calculation led to an E-map in which five of the first seven peaks, 
based on relative peak height, were assigned to atoms. Examination of the bond 
lengths and bond angles between these peaks permitted an unambiguous assignment 
of the atoms. The atomic co-ordinates determined in the direct methods calculations 
were subsequently used as a starting model for the frill profile refinement of the 
structure. The inherent peak overlap in powder diffraction patterns, even with high-
resolution data, often leads to ambiguity in the space group assignment hence checks 
were also made, without success, using other possible space groups, namely Pnmi2 1 , 
P2 12 12, P222 1 and P222. 
A similar strategy was adopted in the structure solution of SnD 4. It was deduced that 
the structure comprised one molecule in the asymmetric unit with Z=4 in space group 
P2 1/c, P2 1/rn, P2/n or P2/m. The structure was solved in P2 1/c from a total of 382 
structure factor amplitudes, to a minimum d-spacing of 0.83 A, using MTTRHIL 
running under default parameters. 100 of the observed reflections had IEI values >1.0 
and were available for the development of phase relationships and in the final E-map, 
the first five peaks, based on relative peak height, were assigned to atoms. The atomic 
co-ordinates determined in the direct methods calculations were subsequently used as 
a starting model for the frill profile refinement of the structure. 
The structures of both phases were refined by the Rietveld method using an in-house 
suite of programmes2 ' based on the Cambridge Crystallography Subroutine library 
(CCSL). 22 The results of the profile fitting are illustrated in Figure 3.2 with the final 
refined structural and profile parameters listed in Tables 3.2 and 3.5. Selected bond 
lengths and angles calculated from the refined atomic co-ordinates are given in Tables 
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3.4 and 3.7. Regions of the profile containing Bragg peaks from copper and vanadium 
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Space group 	 Orthorhombic: P21 2 12 1 (No. 19) 
Unit cell 	 a = 7.3549(1) A 
b = 8.1597(1)A 
c = 4.5402(2) A 
Volume of cell 	 V = 272.47(1) A 
Volume per molecule 	 68.12 A (Z=4) 
Calculated density 	 1.9665(1) g CM-3 
Table 3.2 Refined structural parameters for GeD4 at 4K 
Atom xla yfb z/c U0 (A2) 
Ge 0.4899 0.3573(3) 0.3480(5) 0.009(1) 
 0.5514(8) 0.4929(6) 0.5557(11) 0.036(1) 
 0.4584(8) 0.2041(4) 0.5360(10) 0.029(1) 
 0.3136(6) 0.4030(7) 0.1969(12) 0.034(1) 
 0.6311(7) 0.3221(6) 0.1118(13) 0.045(1) 
R.=2.11%, R2.75%, RE=1.25%, x2 4.82 for 3023 and 41 basic variables. 
Table 3.3 Atomic co-ordinates of GeD4 
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Ge-D(1) 1.523(6) D(1)-Ge-D(2) 107.0(3) 
Ge-D(2) 1.531(4) D(1)-Ge-D(3) 110.9(3) 
Ge -D(3) 1.514(5) - Ge - D(4) 111.8(3) 
Ge -D(4) 1.520(6) - Ge - D(3) 108.9(3) 
D(2)-Ge-D(4) 110.0(3) 
- Ge - D(4) 108.2(3) 
Table 3.4 Intra-molecular bond lengths (A) and angles (°) 
Space group 	 Orthorhombic: P2 1/c (No. 14) 
Unit cell 	 a = 8.8737(3) A 
b=4.5469(1)A 
c = 8.7562(3) A 
13 = 119.287(1)' 
Volume of cell 	 Vc = 308.14(2) A 
Volume per molecule 	 77.04 A (Z=4) 
Calculated density 	 2.7325(2) g CM-3 
Table 3.5 Refined structural parameters for SnD 4 at 5 K. 
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Atom x/a y/b zlc U10 (A2) 
Sn 0.2508(8) 0.8204(4) 0.2465(8) 0.01(10) 
 0.0831(10) 0.5902(15) 0.2017(13) 0.028(3) 
 0.4335(8) 0.6216(12) 0.3055(10) 0.029(3) 
 0.2136(11) 1.0406(19) 0.0745(9) 0.034(3) 
 0.2845(10) 1.0327(17) 0.4203(8) 0.026(3) 
R=1.62%, 	 RE= 1.28%, x2=3.58 for 3005 and 41 basic variables. 
Table 3.6 Atomic co-ordinates of SnD 4 
Sn-D(1) 1.701(11) D(1)-Sn-D(2) 109.8(4) 
Sn - D(2) 1.701(10) D(1) - Sn - D(3) 112.9(6) 
Sn - D(3) 1.701(9) - Sn - D(4) 107.9(6) 
Sn-D(4) 1.701(9) D(2)-Sn-D(3) 109.0(6) 
-Sn - D(4) 107.8(5) 
- Sn - D(4) 109.3(4) 
Table 3.7 Intra-molecular bond lengths (A) and angles (°) 
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3.5 Discussion of Results 
As expected, the solid-state structures of these compounds show essentially regular 
tetrahedral molecules. The average M-D bond lengths of 1.522(5) A for GeD4 and 
1.701(10) A for SnD4 are in good agreement with those obtained from gas phase 
studies of the related compounds Me 3GeH23 and GeH3 C124 [1.534(5) and 1.52 A] and 
Me3 SnH and Me2 SnH2 1 ' [ 1.705(67) and 1.680(15) A] respectively It can be seen in 
Fig 3.3 that long-range intermolecular interactions are present such that for each 
tetrahedral MD4 molecule, a deuterium atom from each neighbouring molecule is 
located over each face of the MD 4 molecule. Whilst considerable caution should be 
exercised in ascribing undue significance to contact radii, it is perhaps noteworthy that 
in the SnD4 structure, there is one close SnD interaction at 3.34(1) A which is in the 
range of the sum of the van der Waals radii (Sn = 2.20 and H = 1.20-1.45 A). 
This effect is less noticeable in the case of GeD 4 and perhaps reflects the greater 
polarity of the Sn-D bond compared with the Ge-D bond. These interactions are 
undeniably weak, as witnessed by the very low melting points of the compounds, but 
do manifest themselves in the vibrational spectra of the solid compounds. In an 
infrared spectroscopic study by McKean 9 , it was observed that when a dilute sample 
of SnH4 was co-condensed in a GeH4 matrix, or when a dilute sample of GeH4 was 
co-condensed in a SnH4 matrix, then the degeneracies of v 3 and v4 were lifted, 
indicating that the site symmetry of the guest molecule cannot contain a three-fold or 
higher axis. A subsequent study by Oxton 25 using GeH3D in a GeH4 matrix showed 
that only two possible site symmetries, C or C2h,  were possible. McKean also 
observed that a curious feature of the spectra was the high intensity of the normally 
inactive mode v 1 relative to v 3 and the weakness or absence of v2. 
' I 
Of 
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Figure 3.3 Long range interactions in SnD 4 showing deuterium atoms from 
neighbouring molecules located over the faces of the central tetrahedral molecule. 
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This led to the suggestion that one or possibly two hydrogen atoms in the molecule 
are making a closer contact than the other hydrogens, and that stretching of the bond 
or bonds involving this atom or atoms results in some charge transfer or electronic 
polarisation. This produces intensity in the totally symmetric stretching mode, but not 
in the normally inactive bending motion. From the results of this powder neutron 
study, these observations are corroborated - the site symmetry in solid germane and 
stannane is indeed C3,, and there are indeed intermolecular interactions, which could 
be responsible for the anomalous intensity of v 1 . 
Comparison with theoretical studies. 
Although there have been numerous theoretical investigations performed for isolated 
molecules of germane and stannane, there have been no published calculations on the 
structure of these compounds in the solid state. A group from the Dept. of Physics 
and Astronomy agreed to study these compounds using ab initio plane wave density 
functional calculations with the aim of confirming the experimental structures and 
determining the position of the hydrogen atoms. The starting point for these 
calculations was the structure derived from the experimental data but with each of the 
atoms displaced randomly by a small amount. This has the effect of breaking any 
imposed symmetry. The calculations converged on the experimental space group. The 
Sn-D bond lengths from these calculations are given in Table 3.8 
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Calculated/A Experimental/A 
Sn-D(1) 1.648 1.701(11) 
Sn-D(2) 1.649 1.701(11) 
Sn-D(3) 1.650 1.701(11) 
Sn-D(4) 1.651 1.701(11) 









13 121.470 119.287(1)° 
Table 3.8 Comparison of experimental and theoretical Sn-D bond lengths 
Whilst at this stage the calculations are not yet complete, the preliminary results not 
only show significant discrepancies with the experimentally determined unit cell, but 
also with the experimentally determined bond lengths. 
This reflects the very soft potential surface for the system, i.e. there are presumably 
many shallow potential energy minima that represent possible solutions, and 
distinguishing between them as to which is the correct one is very difficult. Hence the 
study of solid-state systems where intermolecular interactions are weak using 
computational methods is not easy and requires further development. 
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3.6 Summary and Suggestions for further 
work 
The solid-state structures of germane-d 4 and stannane-d 4 have been determined by 
high resolution neutron powder diffraction. The structures show essentially 
tetrahedral molecules with bond lengths very similar to those found in the gas phase. 
Very weak intermolecular interactions can be observed and these are consistent with 
the observations reported in previous vibrational studies. 
Future work should focus on solid-state structural studies of the halogermanes, 
H3GeX, which are known to feature intermolecular Ge interactions from X-ray 
and vibrational studies. 
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Chapter 4: The Preparation of 
Organometallic Compounds 
Part A: The Design, Synthesis and 
Characterisation of Novel Chalcogenide 
Donor Ligands 
4.1 Introduction 
As described earlier, the thermal stability of heavier main group hydrides can be 
increased by adding donor ligands to form adducts with the hydrides. A good example 
of this technique is illustrated by the hydrides of gallium. The binary hydride Ga 2116 ' 
decomposes rapidly at temperatures above -20°C but the thermal instability can be 
overcome by adding a donor ligand to create an adduct, [GaH 3(NMe3)], 2 which melts 
at 70.5°C without decomposition. This adduct is formed by the reaction between 
LiGaH4 and NMe3HC1 in etheral solution. The thermal stability of gallium hydrides 
can be further enhanced by the addition of a tridentate ligand. For example the work 
by Cowley, whose compound 2,6-{(C 2H5)2NH12 } 2C6H3GaH23 , shown in Figure 4. 1, is 
thermally stable to 350°C. 




Figure 4.1 2,6- { (C2H5)2NCH2  } C6H3GaH2 
The tridentate 2,6-bis[(dialkylamino)methyl]phenyl ligands have been used to prepare 
a variety of intramolecular base stabilised main group (and transition metal) 
compounds. 
Examples of this work include {2,6-bis[(dialkylamino)methyl]phenyl}MIX2 (X = Cl, 
Br or CIBr) and where M = Fe, 4 Ga, 5 In '6  Tl,7 Sb8 and Bi. 8 Other examples where X = 
Me, Et or 'Pr include M = Ga3 and In. 6 The only three structurally characterised 
examples3 ' 4' 6 are shown in Figure 4.2. 
Compounds with group 14 metals are less well investigated and are limited to one 
example of 2, 6-bis[(dialkylamino)methyl]phenyltin chloride. 9 
	
NMe2 	 /— NEt2 
ss.cI /r<\ 	L.ci 
Ga / In 
'CI 	\ / 	:Me 




Figure 4.2 Three base stabilised organometallic group 13 compounds 
There are also some compounds that include two 2,6-bis[(dialkylamino)methyl]phenyl 
groups, 7 but none has been structurally characterised e.g. Ar 2T1C1, Ar2Hg and Ar2Pd 
where Ar = 2,6-bis[(dialkylamino)methyl]phenyl). 
Given the enhanced thermal stability and resistance to hydrolysis of gallium and 
indium derivatives of these ligands, it was decided to investigate whether similar 
ligands containing sulfur and selenium donor atoms were also capable of forming 
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stable complexes. The decision to use sulfur and selenium was prompted by their 
'softness' as donors, in recognition of the 'soft' character of the metals under 
investigation. A more complete explanation of 'hard' and 'soft' acids and bases can be 
found in many texts but the important point here is that a 'soft' donor atoms can be 
expected to form stronger bonds to 'softer' Lewis acids acceptors such as indium, 
gallium, lead, gold and mercury. 
The insertion of a metal into molecules of this type (and the N-donor used 
successfully by Cowley,"' Schumann 6 and others49) was achieved by first reacting the 
ligand with RLi, thereby lithiating the ring and removing RBr, and then by adding the 
lithiated species to a metal chloride with elimination of LiC1. This is outlined in the 
scheme shown in Figure 4.3. 
RLi 






Figure 4.3 Planned route to base stabilised main group hydrides 
The strategy for this part of the project was as follows: 
Design, prepare and characterise new ligand systems involving sulfur and selenium 
donors (scheme shown in Figure 4.3.) 
React ligands with metal halides. 
Attempt to produce new metal hydrides via halide/hydride exchange. 
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4.2 Synthesis of Precursors to S/Se donor 
ligands 
4.2.1 Experimental 
4.2.2 The preparation and characterisation of 2,6-(CH 2Br)2C6H3Br'° 
In a typical experiment, 2-bromo-m-xylene (10.0 g, 54.1 mmol) was refluxed with 2.2 
equivalents ofNBS (N-Bromosuccinimide) (21.4 g, 120 mmol), together with a trace 
of benzoylperoxide (a common radical initiator) in CC1 4 under N2 for 12 hours. 
Succinimide was separated from the mixture by filtration. The solvent was removed 
from the filtrate under vacuum to give a yellowish-white solid that was recrystallised 
by dissolving in the minimum amount of diethyl ether and cooled to 2°C overnight. 
The amount of product obtained was 9.9 g, a yield of 53% which proved to be 
consistent with yields reported in the literature." 
The white crystals had a melting point of 101-103°C (Lit. values" 12  are between 97 
and 103°C). 'H NMR gave resonances at 64.64 (singlet) and 67.22-7.39 ppm 
(multiplet). Elemental analysis (with expected values in parenthesis) C% 27.8 (28.0) 




- 	Br CCI4/NBS/reflux 
Br 
Figure 4.4 The synthetic route to 2,6-bis(bromomethylene)phenylbromide 
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4.2.3 The preparation and characterisation of 2,6-(CH 2Br)2C6H3C1' ° 
This compound was prepared in a similar fashion to that used for 2,6-
bis(bromomethyl)phenylchloride. 
The amounts of reactants used in a typical preparation were; 2-chloro-m-xylene (10.0 
g, 71 mmol), NBS (N-Bromosuccinimide) (27.8 g 156 mmol). 
The amount of product obtained was 9.7 g, a yield of 46% which was consistent with 
yields reported in the literature." The white crystals had a melting point of 84-85°C 
(literature values are in the range 84-87°C11' 12)  'H NMIR(CDCI 3) gave resonances at 
64.60 (singlet) and 67.1 5-7.43ppm (multiplet). Elemental analysis (with expected 
values in parenthesis) C% 31.85 (32.21) and H% 2.20 (2.35). 
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4.3 The preparation and characterisation 
of the compounds 2,6-(RECH 2)2C6H3X 
4.3.1 The preparation and characterisation of 2,6-(CH 3SCH2)2C6H3Br 111 
In a typical experiment, Na (1.4 g, 58 mmol) was dissolved in dry liquid ammonia 
(-30 ml) and S 2Me2 (2.74 g, 29 mmol) was added until the intense blue colour of the 
solution faded to leave a leaving a colourless liquid. The ammonia was then allowed 
to evaporate leaving behind white, powdery, air-sensitive NaSMe. This powder was 
washed with two 30 ml aliquots of hexane before removing any residual hexane under 
vacuum. A solution of 2,6-(bromomethyl)phenylbromide (10.0 g, 29 mmol) in hexane 
(100 ml) was then added via a cannula needle and stirred for 3-4 hours. The reaction 
was then deemed to be complete. Water (50 ml) was then added to dissolve inorganic 
material and the two layers were separated. The organic layer was washed with dilute 
NaOH solution (30 ml) and again with water, before drying over MgSO 4. This dry 
solution of hexane was then placed overnight in a fridge at 4°C. Yellow crystals were 
produced (5.3 g representing a yield of 66%). 
Characterisation of the product. 
Melting point 56-57°C; elemental analysis (with expected values in parenthesis) C% 
40.78 (43.3) H% 4.43 (4.69); FAB mass spec, molecular ion peaks at m/z 277, 275 
(intensities 100 and 89%, reflecting the relative abundances of 79Br and 8  'Br)231,229 
(intensities 62 and 62% reflecting (M-46), most likely due to the loss of -SMe (mass 
= 47). 'H NMIR showed three distinct resonances at ö 2.06 ppm (singlet, 6H), 6 3.85 
ppm (singlet, 411) and 6 7.20-7.37ppm (multiplet, 314). The ' 3C NIVIR showed six 
peaks, two in the alkyl region (613.7 and 38.1 ppm) and four in the aromatic region 
(6126.5, 126.8, 129.1 and 139.0 ppm). 
The production of single crystals allowed the structure to be determined by X-ray 
diffraction; this is shown in Figure 4.5. Selected features of the structure are 
summarised in Table 4.1 and fill details are listed in the appendix. 
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Crystal system Monoclinic 
Space group P(2)1/n 
Unit cell dimensions a = 8.649(3) A 	a = 900 
b = 8.4767(14) A 	13 = 99.72(2)0 
c= 16.021(3) A 7=900 
C-S 1.814(4) A 
S-C 1.793(4) A 
C-S-C 100.5(2)0  
Figure 4.5 The molecular structure of 2, 6-bis(methylthiomethyl)phenylbromide, 1, in 
the crystal (hydrogen positions omitted for clarity). 
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4.3.2 The preparation and characterisation of 2,6-(CH 3SCH2)2C6113C1 121 
In a typical experiment, Na (1.6 g, 67 mmol) was dissolved in liquid ammonia (-30 
ml) and S2Me2 (3.17 g, 33 mmol) was added until the intense blue colour of the 
solution faded, to leave a colourless liquid. The ammonia was then allowed to 
evaporate leaving behind a white, powdery, air-sensitive substance, NaSMe. This 
powder was washed with two -30 ml aliquots of hexane removing any residual 
hexane under vacuum. 
A solution of 2,6-(bromomethyl)phenylchloride (10.0 g, 33.5 mmol) in hexane (100 
ml) was then added using a cannula needle and stirred for 3-4 hours. The reaction was 
then deemed to be complete. 
Water (-50 ml) is added to dissolve inorganic material and the two layers were 
separated. The organic layer was washed with dilute NaOH solution (30 ml) and again 
with water, before drying over MgSO 4. This dry solution of hexane was then placed 
overnight in a fridge at 4°C. Colourless crystals were produced (3.8 g representing a 
yield of 41%). 
Characterisation of the product. 
Melting point 63-64°C, Elemental analysis (with expected values in parenthesis) C% 
51.43 (51.61) and H% 5.49 (5.59), FAB MS, molecular ion peaks at m/z 232 and 234 
(59 and 24%, reflecting the relative abundances of 35C1 and 37Cl), 185 and 187 (63 
and 21% attributable to [M-SMe] reflecting the abundances of the chlorine isotopes). 
'H NMR (CDC13) showed three distinct resonances at 82.05 ppm (singlet, 6H), 6 3.82 
ppm(singlet, 4H) and 6 7.20-27 ppm (multiplet, 3H). 13 C NMR (CDC1 3) 613.3 and 
638.2 ppm. 
The melting point of 2 was, surprisingly, a little higher than that of 1 [56-570] but 
there was no evidence for any H Cl in the solid state that would explain this. 
The production of single crystals allowed the structure to be determined by X-ray 
diffiaction; this is shown in Figure 4.6. Selected features of the structure are 
summarised in Table 4.2 and full details are listed in the appendix. 
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Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 8.5792(14) A 	a = 900 
b = 8.33 60(13) A 	13 = 99.85(2)0 
c= 15.8281(3)A 	y=90° 
C-S 1.821(3)A 
S-C 1.797(3) A 
C-S-C 100.28(14)° 
Table 4.2 Selected crystallographic details of 
2,6-bis(methylthiomethyl)phenylchloride, 2 
Figure 4.6 The molecular structure of 2,6-bis(methylthiomethyl)phenylchloride, 2, in 
the crystal (hydrogen positions omitted for clarity). 
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4.3.3 The preparation and characterisation of 2,6-(CH 3SeCH2)2C6H3Br 131 
This compound was prepared in a similar fashion to that of compounds 1 and 2 and so 
only the amounts used in a typical preparation require reporting. 
Na (0.7g, 30 mmol) was dissolved in liquid ammonia (30 ml) and Se 2Me2 (2.82 g, 15 
mmol) was added. A solution of 2,6-(bromomethyl)phenylbromide (5.0 g, 15 mmol) 
in hexane (60 ml) was then added. After removal of inorganic materials, yellow 
crystals were produced (3.2 g representing a yield of 58%) 
Characterisation of the product: 
Melting point 76.5-78°C, elemental analysis (with expected values in parenthesis) C% 
33.01 (32.34), H% 3.67 (3.50), FAB MS showed the presence of the molecular ion 
peak at m/z 371 (M) and 277(M-94) M-SeMe, relative intensities 17 and 35%. 'H 
NMR(CDC13); had two broad singlets at 1.98 and 3.90 ppm whose integrals had a 
ratio of-3:2. 
As with compounds 1 and 2, the production of single crystals allowed the 
determination of the structure by X-ray diffraction this in Figure 4.7. The important 
features of the structure are summarised in Table 4.3 and full details are listed in the 
appendix. 
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Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 8.6455(12) A 	a = 90° 
b = 8.5827(17) A 	0 = 99.98(2)0 
c = 16.290(3) A , = 
C-Se 1.952(8) and 1.935(8) A 
Se-C 1.930(9) and 1.921(9) A 
C-Se-C 97.3(4)° 
Table 4.3 Selected crystallographic details of 2,6-(CH 3 SeCH2)2C6H3Br, 3 
Figure 4.7 The molecular structure of 2,6-bis(methylselenomethyl)phenylbromide, 3, 
in the crystal (hydrogen positions omitted for clarity). 
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4.3.4 The preparation and characterisation of 2,6-(CH 3CH2SCH2)2C6H3Br 141 
Although the synthetic routes to compounds 1, 2 and 3 were essentially identical, the 
chosen route to compound 4 was slightly different. 
A solution of EtSH (3.6 g, 58 mmol) in hexane ('-'50m1) was treated with BuLi (3.7 g, 
58 mmol in a 1.6M hexane solution) at 0°C. This gave a clear yellow solution after 1/2 
hour. This solution of LiSEt was then added to a solution of 2-bromo-m-xylene (10.0 
g, 29 mmcl) in hexane (100 ml) at 0°C. The reaction mixture initially appeared very 
cloudy but after 2 hours continuous stirring the resulting yellow solution and white 
precipitate were separated by filtering in air. The white powder (LiBr) was discarded 
and the organic solution was washed with water (2x50 ml) dilute NaOH (50 ml) and 
dried over MgSO4. The solution was reduced in volume to --.75 ml and placed in a 
fridge at 4°C.This solution produced yellow, needle-like crystals (6.4 g representing a 
yield of 72%). 
Characterisation of the product 
Melting point 41-42°C, Elemental analysis (with expected values in parenthesis) C% 
46.6 (47.2) H% 5.71 (5.57), FAB MS, molecular ion peaks at m/z 306 and 304 
(intensities 58.7 and 45.8%) the largest peak was at m/z 183 which corresponds to 
[M-(2SEt)]. 'H NMR (CDC1 3) showed four distinct resonances at 61.26 ppm (triplet, 
6H), 62.51 ppm (quartet, 411), 63.89 ppm (singlet, 4H) and 67.23-28 ppm (multiplet, 
3H). The 13C NMIR (CDC13) showed seven peaks, three in the alkyl region (614.4, 
25.8 and 37.0 ppm) and four in the aromatic region (6126.5, 126.7, 129.1 and 139.0 
ppm). 
As with compounds 1, 2 and 3, the production of single crystals allowed the 
determination of the structure by X-ray diffraction, this is shown in Figure 4.8. The 
important features of the structure are summarised in Table 4.4 and full details are 
listed in the appendix. 
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Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 15.467(2) A 	a = 90° 
b = 10.3263(17) A 	13 = 104.20(1)0 
8.7712(13) A 7=900 
C-S 1.813(2) A 
S-C 1.804(3) A 
C-S-C 101.03(12)° 
Table 4.4 Selected crystallographic details of 2,6-(CH 3CH2SCH2)2C6H3Br, 4. 
Figure 4.8 The molecular structure of 2, 6-bis(ethylthiomethyl)phenylbromide, 4, in 
the crystal (hydrogen positions omitted for clarity). 
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4.3.5 The preparation and characterisation of 2,6-(CH 3CIL2SCH2)2C6113C1, 151 
This preparation was performed in a similar fashion to that of compound 4. Only the 
amounts of reactants used in a typical preparation require reporting. 
EtSH (4.1 g, 66 mmol) in hexane (-50 ml) was treated with BuLi (4.2 g, 66 mmol in 
a 1.6M hexane solution) at 0°C. 
This solution of LiSEt was then added to a solution of 2,6-
(bromomethyl)phenylchloride (10.0 g, 33 mmol) in hexane (-200 ml) at 0°C 
This solution was reduced in volume to 100 ml and placed in a fridge at 4°C. 
This solution produced yellow, needle-like, crystals (2.8 g representing a yield of 
32%) 
Characterisation of the product: 
Melting point 32-33°C. Elemental analysis (with expected values in parenthesis) C% 
55.07 (55.38) H% 6.73 (6.54), 'H N]VIIR (CDCI3) showed four distinct resonance's at 
61.24 ppm (triplet, 611), 62.49 ppm (quartet, 411), 63.85 ppm (singlet, 411) and 67.23-
28 ppm (multiplet, 3H). 
Due to the low yield of this compound compared to that of compound 4 and the 
relative insolubility in hexane (about ¼ that of compound 4), the synthesis was not 
repeated because the compound appeared to offer no advantages over compound 4, in 
the subsequent lithiation. 
As with compounds 1, 2, 3 and 4, the production of single crystals allowed the 
determination of the structure by X-ray diffraction; this is shown in Figure 4.9. The 
important features of the structure are summarised in Table 4.5 and full details are 
listed in the appendix. 
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Crystal system Monoclinic 
Space group C2/c 
Unit cell dimensions a = 15.302(7) A 	a = 900 
b = 10.368(4) A 13 = 103.52(4)° 
c = 8.7712(13) A 	y90° 
C-S 1.815(4) A 
S-C 1.806(3) A 
C-S-C 100.95(17)0 
Table 4.5 Selected crystallographic details of 2,6-(CH 3CH2SCH2)2C6H3CI, [51 
Figure 4.9 The molecular structure of 2,6-bis(ethylthiomethyl)phenylchloride, 5, in 
the crystal (hydrogen positions omitted for clarity). 
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4.3.6 The preparation and characterisation of 2,6-(C 6II5SCH2)2C6H3Br, [6] 
A solution of PhSH (1.6 g, 15mmol) in hexane (50 ml) was treated with BuLi (0.94 
g, 15 mmol in a 1.6M hexane solution) at 0°C. This gave a clear yellow solution after 
'/2 hour. This solution of LiSPh was then added to a solution of 2,6-
(bromomethyl)phenylbromide (2.5 g, 7.5 mmol) in hexane (80 ml) at 0°C. 
The reaction mixture initially appeared very cloudy but, over a period of 1 hour, 
gradually darkened with continuous stirring. The resulting dark orange solution was 
separated from the precipitate (LiBr) and the hexane was washed with water (2x-20 
ml) dilute NaOH (30 ml), and the orange layer was separated and dried over MgSO 4 . 
The solution was reduced in volume to -50 ml and placed in a fridge. The product 
deposited from solution as a dark brown oil and attempts at recrystallisation in a range 
of common solvents failed. 
Characterisation of the product: 
Elemental analysis (with expected values in parenthesis) C% 56.78 (59.85) and H% 
5.18 (4.24), 'H NMR (CDC1 3) showed one resonance at 64.26 (singlet) and a range of 
peaks in the aromatic region 66.97-7.35 ppm. ' 3C NMR (CDC13) had a single 
resonance at 640.5 ppm and eight peaks in the aromatic region in the range 6126.7-
137.7 ppm. 
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4.4 Discussion of Compounds 1-6 
4.4.1 Crystal Structures of 1-5 
The crystal structures of these five compounds hold few surprises; all C-C bond 
lengths are within the expected range, the C-Se bond lengths of 1.930(9) and 1.952(8) 
A are longer than for C-S -1.793(4) - 1.821(3) A which is as expected given the 
relative sizes of the sulfur and selenium atoms. 
The 'open arms' of these structures are expected to close when a metal is inserted 
into the molecule as the lone pairs of the S/Se donate into the empty orbitals of the 
metal. 
The slight difference in C-S-C vs C-Se-C angles, of 100.5(2)° - 101.03(12)° compared 
to 97.3(4)° is in agreement with the general trend for compounds containing the C-E-
C unit that there is a decrease in this angle on descending group 16. 
4.4.2 Comparison of 'H NMIR data 
The numbering system for alkyl protons is shown in Figure 4.10 and the data are more 
conveniently presented in Table 4.6. While the comparison shows little change in the 
shift of the a-protons it is reasonable to expect a detectable shift in these resonances, 
and in those of the 3-protons, once a metal is accepting electron density from the 
sulfur or selenium donor. 
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/ 	 p E E 	 E 
E 
L) 
Type A 	 Type B 	 Type C 
Figure 4.10 Labelling of protons for ligands 
Compound a/ppm 3/ppm y/ppm 
1 3.85 singlet 2.06 singlet - 
2 3.82 singlet 2.05 singlet - 
3 3.90 singlet 1.98 singlet - 
4 3.89 singlet 2.51 quartet 1.26 triplet 
5 3.85 singlet 2.49 quartet 1.24 triplet 
6 4.26 singlet - - 
Table 4.6 'H NMR shifts of alkyl protons 
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Part B: The Synthesis of Organometallic 
Main Group Compounds 
4.5 Organometallic Preparations 
4.5.1 	The reactions between gallium(M) chloride and donor ligands 
4.5.1.1 The reaction between 2,6-(CH 3CH2SCH2)2C6H3Li and GaCI3 
In this reaction, 4 (1.7 g, 5.6 mmol) in hexane (50 ml) was cooled to 0°C before the 
addition of BuLi (0.37 g, 5.6 mmol in 3.7 ml of hexane). This produced a clear yellow 
solution of 2,6-(CH3CH2SCH2)2C6H3Li. This solution was added to a Schienk tube 
containing GaC1 3 (1.0 g, 5.67 mmol) under dry dinitrogen. On addition of the yellow 
solution, the colour became slightly less intense over 12 hours, at which point the 
reaction was deemed to be complete. 
After reaction there remained a small amount of white material that was insoluble in 
hexane, this was judged to be LiBr (Ca. 0.5 g). The solution was filtered and 
evaporated to dryness to leave a yellow oil. This yellow oil was placed in a freezer 
and over the course of 7-10 days crystals grew on the side of the Schlenk tube. These 
crystals were colourless and appeared to melt at room temperature (4 melts at 41-
42°C and GaC13 at ca 77°C). 
Characterisation of the product, (compound 7): 
Melting point 21°C; elemental analysis found C% 56.4, H% 6.7; FAB MS gave peaks 
at m/z 5 19+. The largest peaks were at m/z 69 (100%) and 71(72%) corresponding to 
69Ga and "Ga. Other intense peaks were at 519 (40%) and 521(36%); 1H NMR 
(CDC13) gave peaks at 61.04 and 1.21 ppm (triplets, approximate integrals 2:1), 62.14 
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and 2.42 ppm (quartets, approximate integrals 2:1), 63.73 ppm (singlet, 411) and 
67.18-7.25 ppm_(multiplet). 13C NMIR (CDC13) showed three resonances in the alkyl 
region of the spectra 614.1, 26.7 and 39.9 ppm, each of these peaks also had smaller 
peaks associated with them at (614.2, 25.1 and 35.6 ppm). There were also numerous 
resonances in the aromatic region, the most intense of which were (8 127.3, 127.8, and 
144.9 ppm). 
Both the 'H and ' 3C NAM spectra suggest the presence of inequivalent alkyl side 
chains. The results of the mass spectroscopy show peaks at 519 (and 521) indicating 
[2,6-(CH3 CH2 SCH2)2C6H3 ]2Ga, [MR2] = 519, probably from the loss of [R] 
The elemental analysis results correspond to the compound R 3Ga, where the 
calculated values of C% and H% are 58.0 and 6.85 respectively. 
The crystals obtained proved to be of sufficient quality to allow the determination of 
the structure by X-ray diffraction. This is shown in Figure 4.11 and the important 
crystallographic data are shown in Table 4.7. 
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Crystal system Monoclinic 
Space group P2(1)/c 
Unit cell dimensions a = 11.8529(19) A 	cx = 900 
b = 14.73 1(2) A 	13 = 96.305(3) 0 
c=21.322(3)A 	7900 
Ga(l)-C(1C) 2.001(2) A 
Ga(l)-C(IA) 2.010(2) A 
Ga(l)-C(1B) 2.016(1) A 
Ga(l)-S(2A) 2.597(1) A 




C(1C)-Ga(1)-S(2A) 1 12.50(5)° 
C(IA)-Ga(l)-S(2A) 78.58(5)0 
C(1B)-Ga(1)-S(2A) 92.75(3)° 
S(2A)-Ga(1)-S(2C) 170.1(1) 0 
Table 4.7 Selected crystallographic information 
tris { 2,6-bis(ethanethiomethyl)phenyl }gallium, 7. 
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Figure 4.11 The molecular structure of 
tris{ 2, 6-bis(ethanethiomethyl)phenyl } gallium, 7, in the crystal. (Hydrogen positions 
omitted for clarity) 
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The structure features an essentially trigonal planar arrangement of carbon atoms 
around the Ga atom (sum of angles is 358°). Almost directly above the Ga atom in 
this plane, lies a sulfur atom with a Ga" S contact of 2.5868(5) A. This distance is 
beyond the sum of the covalent radii (2.20 A), but well within the sum of the van der 
Waals radii (3.7 A). A second sulfur atom lies beneath the C 3Ga plane with a Ga S 
distance of 3.282(4) A. The Ga-C bond lengths [2.001(2), 2.010(2) and 2.016(1) A] 
are in agreement with those of 2,6-{(C 2H5 )2NH2 } 2C6H3GaH2 [1.968(7) A], 3 2,6-
{(C2H5)2NH2 } 2C6H3 GaC12 [1.924(4) A], 5 and compare well with GaPh3 [1.946(7) and 
1.968(5) A]. 13 
The S-Ga-S angle is 170. 1(1)° and so the Ga centre adopts a highly distorted trigonal 
pyramidal geometry. The origin of this very large axial distortion clearly lies in the 
high steric demands of the bulky ligands. 
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4.5.2 	The reactions between indium(Ill) chloride and donor ligands 
4.5.2.1 The reaction between 2,6-(CH3SCH2)2C6H3Li and mCI3 
This reaction was performed by adding a solution of 2,6-(CH 3 SCH2)2C6H3Li (0.92 g, 
4.5 mmol) in hexane (50 ml) to mC1 3 (l.Og, 4.5 mmol) at 0°C. The reaction was 
allowed to warm to room temperature and stirred for 24 hours. 
No changes in the appearance of the light yellow solution were observed. The 
solution was filtered and evaporated to dryness leaving a small amount of a white 
powder. This material was dissolved in diethyl ether and stored at -25°C in an attempt 
to crystallise the product. This attempt was unsuccessful. 
Analysis of product(compound 8): 
Elemental analysis found C%34.2 and H% 3.99 ;EI+ MS found peaks at 334 (8%) 
[M-SMe], 288 (50%) [2,6-(CH2)2C6H3InCl2],and a peak at 115 (18%) ["'In] 111 
NMR (C7D8) gave two singlets at 61.68 and 63.55ppm. This was considered to be a 
significant shift and together with the MS data is a good indication that the compound 
2, 6-(CH3 SCH2)2C6H3InC12 had been prepared. 
4.5.2.2 The reaction between 2,6-(CH3CH2SCH2)2C6H3Li and mCI3 
In this reaction, 2,6-(CH 3CH2SCH2)2C6H3Br (1.8 g, 5.9 mmol) in hexane (50 ml) was 
cooled to 0°C before the addition of BuLi (0.38 g, 5.9 mmol in 3.8 ml of hexane). 
This produced a cloudy yellow solution of 2,6-(CH3CH2SCH2)2C6H3Li which cleared 
after stirring for 1/2  hrs. 
This solution was added to a Schienk tube containing InC1 3 (1.3 g, 5.9 mmol) that had 
been loaded under dry dinitrogen. On addition of the yellow solution, the colour 
became less intense until after 12 hours it was colourless. After filtration and 
evaporation of the solvent, a white powder remained that was slightly soluble in 
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diethyl ether. This solution was placed in a freezer and produced colourless crystals 
over a period of 3 days. 
Characterisation of the product, (compound 9) 
Melting point 108-110°C; Elemental analysis (with calculated values for 
C 12H,9 S2InCl2 in parenthesis) C% = 32.95 (34.38) H% = 4.36(4.34), FAB MS gave 
peaks at mlz 375 [2,6-(CH3CH2SCH2)2C6H3InCl], m/z 289 [2,6-(CH2)2C6H3InCl2] 
and m/z 225 [2,6-(CH3CH2SCH2)2C6H3], Intensities of 38, 29 and 35% respectively. 
The largest peak (100%) was at m/z 115, corresponding to mt 'H NMR (CDC13) 
gave peaks at 61.30 ppm (quartet, 611), 62.48 ppm (quintet, 411), 64.01 ppm (singlet, 
411) and 67.19-31 ppm (multiplet, 3H). ' 3 C NMR (CDC13) showed three resonances 
in the alkyl region of the spectra (612.9, 26.3 and 37.7 ppm) there were also four 
resonances in the aromatic region, (6125.7, 128.3, 129.9 and 135.9 ppm). The 
material appeared to be quite air sensitive, evolving HC1 when exposed to air. 
The production of single crystals suitable for X-ray diffiaction enabled the 
determination the crystal structure. The molecular structure in the crystal is shown in 
Figure 4.12, and the repeating unit is in Figure 4.13. The important features of the 
structure are summarised in Table 4.8 and full details are listed in the appendix. 
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Crystal system Monoclinic 
Space group P21/n 
Unit cell dimensions a = 9.0542(15) A 	a = 900 
b = 13.4474(19) A 	13 = 97.632(13)0 
c= 13.583(2) A 7=900 
In(1)-C(1) 2. 147(5) A 
In(1)-Cl(2) 2.376(2) A 
In(1)-Cl(1) 2.388(1) A 
In(1)-S(62) 2.737(2) A 
In(1)-S(22) 2.742(2) A 
C(1)-In(1)-C1(2) 132.08(13)° 
C(1)-In(1)-C1(1) 118.69(13)° 
C1(2)-In( 1)-C1( 1) 109.22(6)0 
S(62)-In(1)-S(22) 161 .03(5)' 
C(21)-S(22)-C(23) 101.3(3)° 
C(63)-S(62)-C(61) 101.9(3)° 
Table 4.8 Selected crystallographic information for 
2, 6-bis(ethanethiomethyl)phenylindium dichloride, 9 
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Figure 4.12 Molecular structure of 
2,6-bis(ethanethiomethyl)phenylindium dichloride, 9, in the crystal, (Hydrogen 
positions omitted for clarity) 
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Figure 4.13 The repeating unit of 9 in the crystal. 
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The indium atom adopts a distorted trigonal bipyramidal geometry, very similar to the 
related structure featuring -N(Et) 2 donor groups6 (shown and discussed in Figure 
4.17, and section 4.5.2.4). 
Not surprisingly, the In-S bond lengths [2.7366(15) A and 2.7417(16) A] are both 
substantially longer than those found in In(SC 6H5)3Py2 14 [2.448(3), 2.472(3) and 
2.455(3) A], but they are significantly longer than those found in trigonal bipyramidal 
compounds such as InCl 3 (Me3PS)2 15 [2.663(3) and 2.630(3) A]. The cause of such 
lengthening is presumably attributable to the steric constraints of the In-C-C-C-S 
rings. For comparison, the In-S length in In 2S3 in which the In atoms are octahedrally 
constrained is 2.60(1) A. 
The longest In-S bonds known for organometallic compounds are in the thiocarbonate 
compound Et2InS2CN(Me)(CH2)3NMe [2.59(1) and 2.79(1) A].'6 
At 2.147(5)A, the In-C bond length is typical of the bond lengths found for other 
organoindium compounds, such as In(CH3)3 17 [2.15(4), 2.12(4) and 2.06(4) A] and 
In(C6H5)3 13 [2.111(14), 2.155(14) A]. 
The In-Cl bond lengths of 2.3759(15) A and 2.3880(13) A are typical of many others 
reported in the literature such as InC1 3 (Me3PS)2, [2.400(2), 2.393(2) and 2.396(2) 
A]' 5 and CH3 {2,6-[(C 2H5)2NCH2] 2C6H3 }InCl [2.371(1) A] 6 
The angles C-In-S are commonly referred to as the bite angles which for this 
compound are 80.52(15)° and 80.54(15)° . These bite angles compare to CH 3 {2,6-
[(C2H5)2NCH2] 2C6H3 }InC1 [72.7(1)° and 72 . 3(1)01 6 and 2,6-
{ (CH)NCH2 
 } 
2C6H3GaC12 [79.0(2) and 79.2(1)]. 
The most striking aspect of this structure is the geometry around the indium atom. 
This is most conveniently seen, in Figure 4.14, by a representation that shows only the 
trigonal planar indium atom. 
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Cl 	
J3 	 ct=118.7(1) ° Cl 
oc~~r Y 	13 = 109.2(1)° 
Car 	 y= 132.1(1)° 
Figure 4.14 The geometry around indium in compound 9 
One would expect that the two angles a and y should be identical and so the large 
difference is puzzling. On the basis of VSEPR arguments, the higher electronegativity 
of the chlorine atoms is probably enough to account for the Cl-In-Cl angle being less 
than 120,' but since there are no similar structures in the literature, comparisons are 
not possible. 
The packing in the crystal (Figure 4.13) offers no obvious explanation for such 
distortion, the closest approach between chlorine and hydrogen appears to be 2.7 A, 
this is outside the range where HCI interactions could be responsible for such a 
significant distortion. 
In the light of this unexpected observation, it was decided to attempt to prepare the 
related organoindium-dichloride, 2,6-[(CH 3)2NCH2]2C6H3InCl2 and obtain the crystal 
structure so as to compare bond angles around the central indium atom. 
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4.5.2.3 The reaction between 2,6-I(CH 3)2NCH21 2C6H3L1 and mC13 
For this reaction, the synthesis of a well-known compound 2,6-
[(CH3)2NCH2]2C6H3Br 12 was required to produce 2,6-[(CH 3)2NCH2] 2C6H3InC12, a 
compound known from 1H, ' 3C NMR spectra and elemental analysis, 6 and obtain 
diffraction quality crystals. 
In a typical preparation 2,6-(CH 2Br)2C6H3Br (10.0 g, 29.15 mmol) was placed in an 
ampoule equipped with a constriction and a B14 ground glass joint, attached to a 
vacuum line. After evacuation an excess of Me 2NH was condensed into the ampoule. 
The ampoule was sealed with a hand torch and allowed to warm to room temperature. 
The material was removed and the excess dimethylamine was evaporated. After 
treatment with dii. NaOH solution and extraction into CHC1 3 the product was isolated 
by evaporation of solvent as a brown oil with a mass of 6.8 g representing a yield of 
84% based on the amount of 2,6-(CH 2Br)2C6H3Br used. The identity of the product 
was confirmed by reference to its 111  and 13 C N1v1IR.' 2 
2,6-[(CH3)2NCH2]2C6H3Br, (2.0 g, 7.4 mmol) in hexane (50 ml) was cooled to 0°C 
before the addition of BuLi (0.47 g, 7.4 mmol in 4.7 ml of hexane). This produced a 
cloudy yellow solution of 2,6-[(CH 3)2NCH2] 2C6H3Li which was added to a stirred 
suspension of hexane (ca.30 ml) containing mC13 (1.64 g, 7.4 mmol). The mixture 
was allowed to warm to room temperature over 12 hours whilst stirring. 
The solution was filtered and evaporation of the solvent gave a white powder that was 
slightly soluble in diethylether. This solution was placed in a freezer and produced 
colourless crystals over 3 days. 
Characterisation of the product, (compound 10) 
Melting point 109-110°C, elemental analysis found C% 44.5, H% 6.4 and N% 8.5; 
FAB MS showed the molecular ion peak at m/z 376 and (M-Cl) at 341, (intensities 
19.9 and 19.6%). 1H NMR (CDCI 3) shows peaks at 82.22 [s, 12H] and 63.40 ppm [s, 
4H]. 13C found 5 peaks, methyl at 644.7, methylene at 662.8 and three peaks in the 
aromatic region at 6125.2, 129.4 and 143.2 ppm. 
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The slight discrepancy in the figures for elemental analysis for this compound and the 
closest match, 2,6-[(CH 3)2NCH2]2C6H3InC12, (C%=38.2, H%=5.0 and N%=7.4) may 
be due to some decomposition in the product. On calculation for the compound 2,6-
[(CH3)2NCH2]2C6H3In(OH)2, C% = 42.4, H% = 6.2 and N% = 8.2 a much closer 
match is found. This implies that the dichloride was synthesised successfully, but 
reacted with atmospheric water before elemental analysis was carried out. 
The crystals obtained proved to be of sufficient quality to allow the determination of 
the structure by X-ray diffraction. The molecular structure in the crystal is shown in 
Figure 4.15 The important features of the structure are summarised in Table 4.9 and 
full details are listed in the appendix. 
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Crystal system Monoclinic 
Space group P21/c 
Unit cell dimensions a = 9.389(2) A 	a = 900  
b = 28.461(8) A 	3 = 96.88(3)0 
c=24.534(6)A 	y=9O° 
In(1)-C(1) 2.11(3) A 
In(1)-Cl(2) 2.347(9) A 
In(1)-CI(1) 2.378(7) A 
In(1)-N(2) 2.43(2) A 
In(1)-N(6) 2.47(2) A 
C( 1 )-In( 1 )-Cl(2) 126. 0(8)° 
C(1)-In(1)-Cl(1) 130.9(8)0 
Cl(2)-In(1)-Cl(1) 103.1(3)' 
N(2)-In(1)-N(6) 1 50.2(7) 0 
Table 4.9 Selected crystallographic information 
2,6-bis [(dimethylamino)methyl]phenylindium dichloride, 10 
Chapter 4 The Preparation of Organometallic Compounds 	 100 
Figure 4.15 The molecular structure of 
2,6-bis [(dimethylamino)methyl]phenylindium dichloride, 10, in the crystal. (Hydrogen 
positions omitted for clarity) 
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The In-N bond lengths [2.43(2) and 2.467(19) A] are both in the expected range and 
the In-C length is 2.11(3) A, which compares well to the length in compound 9 
[2.147(5) A] and to In-C bond lengths in(CH3)3 17 and In(C6H5)3 .'3 
The In-Cl distances of [2.347(9) and 2.378(7) A] are both in good agreement with 
reported literature values for indium(III) chlorides and those from compound 9 
[2.3759(15) and 2.3880(13) A]. 
The bite angles of 75.2(9) and 74.9(9)° compare well to those of compound 9 but are 
slightly smaller due to the smaller size of the nitrogen donor atom. 
The reason for obtaining this structure was to compare the angles around the indium 
atom. Again it was noted that the angles show asymmetry, particularly C-In-Cl, but 
not to the same degree as in compound 9. 
4.5.2.4 A second reaction between 2,6-I(CH 3)2NCH21 2C6H3L1 and mC13 
On repeating the synthesis in section 4.5.2.3 on the following scale; 
2,6-[(CH3)2NCH2] 2C6H3Br (1.22 g, 4.51 mmol) in hexane (50 ml) was cooled to - 
78°C before the addition of BuLi (0.29 g, 4.51 mmol in 3.0 ml of hexane). This 
produced a yellow solution of 2,6-((CH 3)2NCH2)2C6H3Li, which was added to a 
stirred suspension, of hexane (Ca. 30 ml) containing mCI 3 (1.00 g, 4.51 mmol). The 
mixture was allowed to warm to room temperature over 12 hours while stirring 
The solution was filtered and 1/2  of the solvent was removed. The solution having been 
reduced to -30 nil was placed in a fridge overnight and produced colourless crystals. 
Characterisation of the product (compound 11); 
'H NAM (CDC13) showed, 62.16 [s, 18H], 62.23 [s, 6H], 63.40 [s, 2H] and 63.58 [s, 
6H]. This implied inequivalent alkyl arms, meaning that a disubstituted organoindium 
compound had been produced with non-co-ordinated and co-ordinated amine groups 
in a ratio of3:1. 
The production of diffraction quality single crystals allowed the determination of the 
structure by X-ray diffraction, the important features of the structure are summarised 
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in Table 4.10 and full details are listen in the appendix. The molecular structure is 
shown in Figure 4.16. 
Crystal System Orthorhombic 
Space group P2 12 1 2 1 
Unit cell dimensions a = 9.4848(9) A 	a = 900 
b = 14.9566(12) A 	0 =90° 
c = 18.3315(18) A y =90° 
In-C(1) 2.122(6) A 
In-C(2) 2.163(6) A 
In-Cl 2.484(2) A 
In-N(122) 2.434(5) A 
In-N(222) 3.612(5) A 
In-N(262) 3.114(7) A 







N(262)-In( 1 )-Cl( 1) 175. 6(2)° 
Table 4.10 Selected crystallographic information for bis{2,6- 
bis(dimethylamino)methyl]phenylindium } chloride, 11 
14A 
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Figure 4.16 The molecular structure of 
bis { 2,6-bis[(dimethylamino)methyl]phenylindium } chloride, 11, in the crystal. 
(Hydrogen positions omitted for clarity) 
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The In atom is essentially coplanar with the two carbon atoms and the chlorine atom 
(sum of angles = 3 57°). At 143° the C-In-C angle is substantially larger than 120°. 
Two InN contacts at 2.434(5) and 2.864(6) A are apparent, above and below the 
InC2C1 plane. These confer a distorted trigonal bipyramidal geometry about the In 
atom. One further In"N contact at 3.114(7) A is also present; the N"In-Cl angle of 
175° suggesting that the steric bulk of the two organic groups are preventing the co-
ordination around the indium atom from becoming octahedral. 
It is noteworthy that the two shorter In-N interactions both involve the amine groups 
from the same molecule, thus allowing the comparison of geometry around the indium 
centre as a trigonal planar centre. 
A similar structure, 2,6-bis(diethylaminomethyl)phenyl(methyl)indium chloride, has 
been reported  (for simplicity referred to hereafter as compound 12), and shows some 
asymmetry. This is shown for comparison with compounds 9, 10 and 11 in Figure 
4.17 and Table 4.11. 
SEt 
/\ 	.c1 




/ \ 	..c1 















_~X 0 YY Cl 
Cl a Cl 
7 Me 
Figure 4.17 Comparison of the bonding geometries for four organoindium 
compounds 
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Angle/° 9 10 11 126 
a 118.7(1) 126.0(8) 103.87(2) 110.6(1) 
13 109.22(6) 103.1(3) 109.45(18) 119.2(1) 
132.1(1) 130.9(8) 143.2(2) 130.1(2) 
Table 4.11 Comparison of bond angles in compounds 9, 10, 11 and 12 
Compound 10 
This is the most symmetrical of the three molecules, the a and y angles differ only by 
5° and the smallest angle, 13, is substantially smaller than the other two. This is 
expected on the basis of VSEPR arguments which predict that more electronegative 
substituents occupy less space. Hence in this case the Cl-In-Cl angle will be the 
smallest. 
Compound 12 
This molecule may be reasonably expected to be less symmetrical than 9 and 10 as a 
consequence of having 3 different substituents in the plane. The largest angle, y, is 
predicted on the basis of VSEPR arguments because the methyl group is less 
electronegative than chlorine and subsequently occupies more space. 
Compound 11 
Owing to the large size of the R group in the trigonal plane and the proximity of a 
non-bonded R2N group this is by far the most distorted of the four organoindium 
compounds. The distortion of y  at —143 0 reduces both a and 13 to a great extent, 13 at 
109.45 0 and cx is even smaller at 104 0 . 
Compound 9 
The least symmetrical of the four compounds, 13  is still smaller than y and a but 
significantly larger than in compound 10. The most striking feature, as noted before, is 
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the discrepancy between a and y  of 13.4°. No obvious explanation can be found for 
this, although it may be the case that the energy differences for such distortions are 
very small and so crystal-packing forces are responsible for the distortion. 
Compound 10 compared to compound 12 
The differences between compounds 10 and 12 are quite nicely explained by simple 
VSEPR theory, 0 is bigger for 12 because Cl substituent is more electronegative than 
CH3 , also resulting in the reduction of a from 126.0(8) to 110.6(l)'. It is worth 
noting that y  remains approximately the same in both compounds at 130.1(2) and 
130.9(8)' respectively. 
The main bond lengths and angles of compounds 9, 10, 11 and 12 are tabulated for 
easier comparison in Table 4.12. 
Bond 9 10 11 12 
In-Cu 2.147(5) 2.11(3) 2.122(3) 2.156(4) 
In-Cl(1) 2.3759(15) 2.347(9) 2.484(18) 2.377(1) 
In-CI(2) 2.3880(13) 2.378(7) - - 
In-C - - 2.163(6) 2.160(5) 
In-E 2.7366(15) 2.43(2) 2.434(5) 2.603(3) 
In-E 2.7471(16) 2.467(19) 2.864 2.607(3) 
Table 4.12 Comparison of bond lengths(A) for compounds 9, 10, 11 and 12 
The comparisons of bond lengths are more simply explained than the angles. All five 
IflCar lengths are similar, 2.11(3)-2.163(6) A, and are typical such bonds. The range 
of In-Cl bond lengths from 2.347(9) to 2.3880(13) A vary by merely 0.041 A (apart 
from the anomalous compound 11, 2.4837(18) A) and are within the expected range 
for organoindium compounds such as (MeInCl 2)2 19 [2.384(1) and 2.400(1) A] and 
neutral adducts like InCl3 .PPh320 [2.377(5), 2.382(5) and 2.391(5)A]. The In-Cl 
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bonds lengths in mC1 3 as determined by gas-phase electron diffIaction 2' are 2.289(5) 
A, which is significantly shorter than the distances found in compounds 9, 10 and 11. 
This is a consequence of gaseous mC1 3 being 3 co-ordinate whereas the three 
compounds synthesised in this project are all five co-ordinate. However, the In-Cl 
distance in compound 11 of 2.484(2) A is one of the longest known for terminally 
bonded species; most of the longer In-Cl lengths are found in inorganic compounds 
such as the anionic octahedral complex [InCl4(H20)21 - 22 [2.485(2), 2.433(3), 
2.417(3)AJ and 1nC152 23  [2.415(1), 2.456(7)A]. This is possibly due to the presence 
of a non-bonded 1nN interaction which is approximately trans [175°] to the In-Cl 
bond. 
A range of In-N distances are observed for the compounds depending on the steric 
constraints of the ligands 
Bite angles. 
The angles EMC,,, in these type of compounds are often referred to as the bite 
angles. In compounds 9, 10 and 12 they are all rather similar, [80.52(15) and 
80.54(15)°], [75.1(9) and 74.9(9)°] and [72.7(1) and 72.3(1)°] respectively. The larger 
size of the bite angles in 9 can be explained by the larger size of the donating sulfurs 
compared to nitrogen in compounds 10 and 12. The lack of symmetry in compound 
11 is to be expected [69.3(1) and 76.8(1)°] although the sum of the bite angles is 
similar to the other two nitrogen donating compounds. 
The compound 10 has been used as a reagent in work by Bickelhaupt in 199724  to 
prepare the diindacycle 9,1 0-dihydro-9, 1 0-bis[(dimethylaminomethylene)phenyl]-
9, 10-diindaanthracene shown in Figure 4.18. In this structure the bite angles are 
slightly smaller, with a sum of 143.5(2)° compared to those in 10, 150.2(7)° . The 
differences in the In-N bond distances are perhaps more interesting; [2.657(7) and 
2.540(7)A] compared to [2.43(2) and 2.467(19)A] in 10 and [2.603(3) and 
2.607(3)A] for 12. This could be due to the superior electron withdrawing effects on 
the indium of the chlorine(s) compared to the methyl groups and aryl carbons. 




Figure 4.18 9,1 0-dihydro-9, 1 O-bis[(dimethylaminomethylene)phenyl]-9, 10- 
diindaanthracene 
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4.5.3 	The reactions of lead(H)chloride with donor ligands 
4.5.3.1 The reaction between 2,6-(CH 3CH2SCH2)2C6H3Li and PbCl2 
For this reaction, 2,6-(CH 3 CH2SCH2)2C6H3Br (2.2 g, 7.2 mmol) in hexane (50 ml) 
was cooled to 0°C before the addition of BuLi (0.46 g, 7.2 mmol in 4.6 ml of hexane). 
This produced a cloudy yellow solution of 2,6-(CH3CH2 SCH2)2C6H3Li which cleared 
after stirring for '/2 hrs. This solution was added to a Schlenk tube containing PbC1 2 
(2.0 g, 7.2 mmol) that had been thoroughly evacuated and purged with dry dinitrogen. 
The mixture was allowed to warm to room temperature whilst stirring for 12 hours. 
The appearance of the solution changed very little overnight, remaining as a light 
yellow solution and white powder. The solution was filtered and evaporated to 
dryness leaving a yellow oil. This oil was soluble in a range of common organic 
solvents but repeatedly failed to crystallise at low temperatures. The product was 
expected to be 2,6-(CH 3CH2SCH2)2C6H3PbC1, similar in structure to that of 
compound 9. 
Characterisation of the product (compound 13): 
Elemental analysis, found (expected for RPbC1) C% 43.01(30.8) H%5.06(3.64), FAB 
MS found no molecular ion peak, but m/z 433 (2,6-(CH3CH2SCH2)2C6H3Pb) and m/z 
206, 207 and 208, the isotopes of lead were all clearly visible. 'H NMR (CDC1 3) had 
peaks at 61.22 (triplet, 6H), 62.42 (quartet, 4H), 63.70 (singlet, 4H) and 67.22-29 
(multiplet, 3ff). ' 3 C NMR (CDC13) had resonances in the two distinct regions, (614.3, 
25.2 and 35.7ppm) and (6127.3, 128.5, 129.1 and 138.7 PPM). 207  P NMR found a 
single resonance at 644.3 ppm. 
The results of elemental analysis show that the product is not a monosubstituted 
compound of the type R-Pb-Cl. The analysis show a good fit to a compound with the 
empirical formula C24H34 S4Pb,(C% = 48.6 and H% = 5.73) which corresponds rather 
better to [2,6-(CH3CH2SCH2)2C6H3 ] 2Pb, shown in Figure 4.19. 
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SEt 
SEt SEt 
Figure 4.19 Possible structure of 13 
The results of 111 13C and 207Pb NMR are unable to distinguish between mono- and 
di-substituted lead compounds of this type. 
If either none or each one of the donor atoms is in close contact with the lead in the 
centre then all of the protons on the ethyl arms are in an identical chemical 
environment and must have the same chemical shift, as in this case. 
In 207 P NIvIIR the range of shifts covers around 16,000 ppm. Examples of extreme 
shifts are [(Me3 Si)2CH]2Pb (5207Pb = + 9110 ppm)25 and (1 5Ph5C5)2Pb (5207Pb 
- 6150 ppm). 26 with the majority of examples coming in the range +500 to -800 ppm. 
Organolead(II) compounds are poorly characterised by NMR due in part to the lack 
of stable examples and their subsequent disproportionation from Pb(II) into Pb(IV) 
and Pb(0). For the group 14 elements, the common oxidation states are +4 and +2, 
for the lighter members of the group, '+4' is the more common but descending to lead 
a mixed picture emerges of both +4 and +2. In general, organolead compounds 
involve only the +4 state (Me 4Pb, Et4Pb etc.) whereas for inorganic compounds the 
divalent state is preferred (PbCl 2, PbS etc.). 
The most frequently cited examples of organolead(II) compounds are that of Pb(i 5 - 
C5H5)226 and its per-methyl derivative .27  The former contains a bent angle Cp-Pb-Cp 
of 135+1-15° in the gas phase whereas two crystalline forms are known . 2' The 
orthorhombic form has a kinked chain structure (Pb-Cp-Pb-Cp)- with the lead having 
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a trigonal planar arrangement involving bonding to two doubly co-ordinate C 5H5 rings 
PbCav 3.06 A and a terminal ring PbCav 2.76 A. There are only four other 
organolead(ll) compounds that have been structurally characterised: 
[{Pb(C(SiMe2Ph)3(1-Cl) }2],29 Pb[CH(SiMe3)3]2 30, Pb[C6H2(CF3)3] 3 ' and the i6_ 
benzene complex [Pb(A1C14)2(i6-C6116)].C6116. 32 Interestingly, the a-bonded 
compounds all involve very sterically hindered organic groups, it seems possible that 
the hindrance of the ligand 2,6-(CH 3CH2SCH2)2C6H3 is great enough to impede the 
disproportionation to the more common R4Pb and metallic lead. 
The results of elemental analysis of 13 indicate the formation of the compound shown 
in Figure 4.19 but 207 P NTvER contradicts this by suggesting a more common R 4Pb 
type organolead was present. Taken together, these results suggests that the 
disproportionation occurred slowly, obstructed by the steric constraints of the large R 
groups. 
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4.5.3.2 The reaction between 2,6-(CH 3SeCH2)2C6H3L1 and PbC12 
This reaction was performed in a similar fashion to the preceding one. For all 
reactions involving organoselenium compounds, appropriate care was taken to avoid 
contamination of the working environment with the repugnant stench associated with 
these compounds. For this reaction, 2,6-(CH 3 SeCH2)2C6H3Br (1.5 g, 4.0 mmol) in 
hexane (50 ml) was cooled to 0°C before the addition of BuLi (0.26 g, 4.0 mmol in 
2.6 ml of hexane). This produced a cloudy yellow solution of 2,6-
(CH3 SeCH2)2C6H3Li which cleared after stirring for Y2  hr. This solution was added to 
a Schlenk tube containing PbC1 2 (1.11 g, 4.0 mmol) that had been thoroughly 
evacuated and purged with dry dinitrogen. The mixture was allowed to warm to room 
temperature whilst stirring for 10 hr. The appearance of the solution changed slightly 
from a light yellow to a yellowish green overnight, with some white powder remaining 
at the bottom of the vessel. The solution was filtered and evaporated to dryness 
leaving a viscous yellow oil. This oil was thermally stable but decomposed rapidly in 
light, such behaviour characteristic of organoselenium and Pb(II) compounds. 
Characterisation of the product (compound 14): 
Elemental analysis C% 47.80 and H% 5.95. EI+MS showed a cluster of peaks around 
m/z 294 (44%) [(CH 3 SeCH2)2C6H3] which reflects the various abundances for the 
selenium isotopes. Peaks at 199 and 106 (75 and 100%) indicate 
[(CH2)(CH3 SeCH2)C6H3] and [(CH2)2C6H3 ], no molecular ion was observed for 
either a mono or di-substituted lead compound. 'H NMR which showed 81.92  
(singlet) and 83.72 ppm (singlet) . 207 P NMR showed no lead resonances, possibly 
due to decomposition of the product. The slight shift in resonance of both methyl and 
methylene protons from those in 3 (81.98 and 63.90 ppm) indicates a change of 
environment for these protons but if a lead compound was formed it decomposed too 
rapidly for detection of the 207 P resonance. MS results indicate that an 
organometallic compound was formed by the presence of the peak at 294, this peak in 
general form [(RECH2)2C6H3 ] is rarely seen in MS of unreacted ligands, or is at low 
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intensity, and experience gained during this project shows that it is a good indicator of 
an organometallic compound. The instability of the compound with respect to light 
and the lack of any analytical evidence for the presence of lead indicates that any 
organolead compound formed had decomposed before analysis had been carried out. 
4.5.3.3 The reaction between 2,6-(C 6H5SCH2)2C6H3Li and PbCl2 
For this reaction, 6, (2.9 g, 7.2 mmol) in hexane (50 ml) was cooled to 0°C before the 
addition of BuLi (0.47 g, 7.2 mmol in 4.7 ml of hexane). This produced an orange 
solution of 2,6-(C6H5 SCH2)2C6H3Li. This solution was added to a Schienk tube 
containing PbC12 (2.0 g, 7.2 mmol) that had been oven dried, thoroughly evacuated 
and purged with dry dinitrogen. The mixture was allowed to warm to room 
temperature (in the absence of light) whilst stirring for 10 hrs. The appearance of the 
solution remained unchanged, with some white powder at the bottom of the vessel. 
The solution was filtered and evaporated to dryness leaving a small amount of a 
viscous yellow oil. This oil did not solidify immediately at -25 °C although over the 
course of 4-5 months some crystalline material did begin to form. This material 
immediately melted as it was warmed to room temperature. The product was light-
sensitive and was observed to darken on exposure to light after 15 minutes. 
207Pb N]VIR revealed that there was no lead in the material. Elemental analysis found 
(expected for [2,6-(C 6H5 SCH2)2C6H3 ]2Pb) C% = 57.04 (56.52) and H% = 4.40 
(4.00). Calculated for the compound 2,6-(C 6H5 SCH2)2C6H3PbC1, C% = 42.57 and 
H% = 3.02. Owing to the air- and light-sensitivity of this compound, no further 
analysis was obtained. (The absence of lead in the NMR sample indicated that the 
product had decomposed despite efforts to protect it from light and air.) As indicated 
in section 4.5.3.1, organolead(II) compounds are notoriously difficult to prepare and 
store. 
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4.5.6 Miscellaneous reactions 
In addition to the preparations already described a number of similar reactions were 
attempted using the compounds 1-6. These reactions involved the metal chlorides 
A1C13 , AuCI3 , FeCI3 , BiC13, CuC12, PtC14, and TiC13 . These preparations mostly 
produced compounds that were incompletely characterised, often by 1H NMR and 
FAB MS, but none were structurally characterised. Despite some indications of 
successful reactions, it was decided not to include details of these unproved syntheses 
in the main body of the chapter. 
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4.6 The Attempted Synthesis of 
Organometallic Hydrides 
This section describes various attempts to produce compounds containing terminal 
metal-hydrogen bonds. Owing to the extreme sensitivity of such compounds the 
utmost care was taken to exclude air and water from all stages of synthesis and 
manipulations. The attempts at halide/hydride exchange using LiAIH4, LIBH4, KBH4 , 
LiInH4 and Me3 SiH are described in the following sections. 
4.6.1 The reaction 10 and LiInH4 
The reaction between 10 and LiInH4 was achieved in a multi-step synthesis outlined 
here. 
Synthesis of activated LiH 
Synthesis of LiInH434 
Reaction with compound X 
It was decided to prepare fresh samples of LiH 33 in preference of using the material 
obtained commercially. This is because contamination with LiOH is very common and 
this will react readily with any metal hydrides formed. The reactions are shown in 
Equations 4.1 and 4.2. 
BuLl + % H2
HexanelTWDA 
 BuH + DH 	 Equation 4.1 
4LiH + 
InC13 Et201-30°C 
> LiInH4 + 3L1C1 	 Equation 4.2 
This reaction was carried out under an atmosphere of dry dinitrogen for all stages. 
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A 250m1 round-bottomed flask containing BuLi (1.73 g, 27.06 mmol in 17.3 ml of 
hexane) and TMEDA (4.71 g, 40.6 mmol) was cooled to -30 °C and a further 50 ml of 
hexane was added. The mixture was a light yellow solution and was stirred for 30 
minutes before hydrogen was bubbled through the solution at a slow rate (2-3 cm 3/s). 
The stirring was stopped periodically to view the production of the insoluble white 
powder of LiH. The reaction ceased after 3 hours and the solid was allowed to settle. 
In a Schlenk tube, a slurry of mC1 3 (1.00 g, 4.51 mmol) and ether (50 ml) was 
prepared. Both solutions were cooled to -78°C before the addition of the InCl 3fEt2O 
slurry to the solution containing LiH. ThiS low temperature was maintained for 1 hour 
before warming to --30°C. Owing to both LiH and LiC1 being white and the only 
insoluble species in the reaction it was impossible to appraise whether at this point the 
reaction had succeeded. On further warming to 0°C tell tale signs of decomposition 
were apparent as witnessed by the appearance of grey flecks (assumed to be indium 
metal) in the solution. The solution was then cooled to -78°C and added to a Schlenk 
tube containing 10 (1.67 g, 4.51 mmol). This mixture was stirred for 3 hours before 
being placed in a freezer overnight at -25°C. 
The vessel was held at -18°C whilst all of the solvent was removed, resulting in the 
formation of some greyish material. The solid was extracted with hexane (50 ml) and 
then the solution reduced in volume to Ca. 30 ml. After 3 days at -25°C a white 
powder was precipitated. Owing to the thermal instability of this white powder, the 
only analysis performed was 1H NMR which produced only one significant difference 
to that of 10, namely the presence of a broad peak at 5.3 ppm. Although not 
conclusive this is in aggreement with previous observations of indium hydride 
resonances in the range 64.7 ppm - 65.6 ppm 11, 36 and indicates that the reaction 
proceeds with some degree of success. 
On removal of all the hexane, colourless crystals were obtained and these decomposed 
readily on addition of methanol resulting in the evolution of hydrogen. The results of 
X-ray diffraction showed the crystal to be 10. 
It seems likely that the reaction was incomplete, resulting in the presence of a mixture 
of hydride and chloride, with the chloride being the more crystalline compound. The 
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'H NIvliR spectra shows considerable grounds for optimism that this synthetic route 
will produce an organoindium dihydride. 
4.6.2 The reaction between 9 and Me3SiH 
A small amount of 9 was placed in an ampoule equipped with a Youngs valve and 
evacuated. An excess of Me 3 SiH was condensed onto this chloride at -196°C and 
allowed to warm to room temperature. Some effervescence was seen and when this 
ceased, the infrared spectra of the volatile material was recorded. The infrared spectra 
showed that the volatile material was Me 3 SiH although this was possibly due to the 
large excess and higher volatility of the silicon hydride compared to the chloride. The 
product was a white powder, similar in appearance to the starting material. 
Analysis of product: Elemental analysis, found (expected for C 121-1 19 S 2In) C% 
=21.20 (42.11) and H% =3.34 (5.56). 'H NMR (CDC1 3) 61.25 (triplet), 62.48 
(quartet), 63.74 (singlet) and 67.17-7.30 ppm (multiplet). 
The elemental analysis figures do not correspond to either the starting material or any 
expected product. The low value of carbon and hydrogen combined at -25% indicate 
the presence of indium in the compound. A relatively close match can be found for 
In(SEt)3 calculated C% = 24.16 and H% = 5.03 but from a chemical point of view 
this appears to be unlikely and does not agree with the NN'IR data which indicates that 
the ligand remains intact. 
While the 'H NMIR retains the same basic shapes and positions as for the ligand and 
dichloride, the methylene resonance at 63.74 has shifted significantly from both 4, 5 
and 9 (63.85, 63.89 and 64.01 ppm respectively). While this indicates a change in 
environment for these protons, there is no resonance that can be attributed to and In-
H frequency which may be expected to be a broad resonance between -64.5 and 5.5 
ppm.35'36 
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4.6.3 The reaction between 11 and NaBH4 
This reaction was carried out by adding a hexane (30 ml) solution of compound 15 
(1.00 g, 2.7 mmol) to a Schlenk tube containing a large excess of NaBH 4 (1.0g, 26 
mmol). This reaction mixture was stirred at room temperature for 4 hours before the 
solvent was removed and pumped to dryness. The product was a white crystalline 
material that decomposed rapidly in air leaving an oily material that gave a positive 
indium flame test result. The white solid was placed in an NIIvIIR tube with a glass 
constriction, benzene-d 6 was condensed inside and the tube was sealed with a blow 
torch. 
Analysis of product: 'H NIIvIR (C6D6) 61.80 (singlet), 62.64 (singlet), 63.01 (singlet), 
64.98 (broad singlet) and 66.87-7.22 ppm (multiplet). The approximate intgrals were 
12.01, 1.34, 2.41 and 1 (the aromatic protons integral is meaningless due to the 
presence of benzene). It is reasonable to assume that the resonances at 62.64 and 
63.01 correspond to the methylene protons of a structure similar to compound 11 
(63.40, 1H and 63.58 ppm 3H), rather than 10 (63.40 ppm) and so the integrals would 
more correctly be represented as methyls = 24H, methylenes = 7.5H and In-H = 2H. 
4.6.4 The reaction between 11 and LiBH 4 
On repeating experiment 4.6.3 with LiBH4, a yellow oil was obtained whose 'H NIMIR 
spectra was recorded in toluend-d g 61.54 (singlet), 62.04 (doublet), 63.31 (singlet), 
63.53 (singlet) and 64.47 ppm (singlet). Due to the decomposition of the sample and 
the consequently high noise level, the integrals were considered to be meaningless but 
the presence of the peak at 64.47 ppm was again seen as grounds for optimism. 
4.6.5 The reaction between 11 and Lull 
The synthesis of 'active' LiFT for the subsequent synthesis of LiInH4 offers a simpler 
reaction for the production of an indium hydride, the straight-forward Cliff exchange 
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driven by the removal of LiC1. The synthesis of LiH was identical in fashion to that 
described in 4.6.1. A solution of!! (-1.0 g, 2.7 mmol) in hexane (50 ml) was added 
to a slurry of LiH /TMEDA in hexane. There was a large excess of LiE! due to the 
nature of the synthesis and the very low molecular weight of LiE! but this was deemed 
as unlikely to cause any problems. The reaction mixture was stirred for 4 hours before 
the solution was separated from the insoluble white powder, this powder was 
assumed to be unreacted LiH and LiC1 and was not analysed. The solvent was 
pumped to dryness in vacuo and revealed a very small amount of an extremely air 
sensitive yellow oil. The infrared spectra of this oil was recorded and had two bands 
in the region known to show the vibrations of In-H bonds. 37 These bands at 1615 and 
1663 cm-' were of medium intensity and on exposure to air decreased in size and 
merged to form one very weak band at —1620 cm'. These absorptions correspond 
well with those found for RIInH 3 by Jones35 [Ca. 1640 cm-1.] 
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4.7 Summary of results and suggestions 
for further work 
The first six examples of a new type of chalcogenophile donor ligand have been 
prepared and characterised. These have proved to be successful at producing new 
sterically hindered organometallic compounds. 
A number of these compounds have been characterised using X-ray diffraction, 
revealing interesting geometries around the metal centres. 
This opens up an area of co-ordination chemistry with these ligands, particularly with 
'soft' metals. 
There is some evidence for the formation of In-H i bonds but thermal instability and 
reactivity prevented more detailed analysis. 
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Chapter 5 
The Synthesis, Characterisation and 
Chemistry of Lead(IV) Chloride 
5.1 	Introduction 
Of all the elements in the periodic table, those contained within Group 14 best reflect 
the transition from non-metal to metal with increasing atomic number. Carbon is a 
non-metallic element with three main phases, graphite, diamond and 
Buckminsterfullerene. Silicon and germanium in the elemental form are both 
isostructural with diamond but whereas diamond is an insulator, silicon and 
germanium are semiconductors with smaller band gaps. Tin and lead are both metallic 
in character and are good electrical conductors. 
The chemistry of these elements displays a change in oxidation states as the group is 
descended. The common oxidation states are +2 and +4, with the +2 state becoming 
increasingly stable as the group is descended. This is known as the "inert pair effect" 
and at first sight it would suggest that the chemistry of lead is dominated by the +2 
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oxidation state. For inorganic lead compounds such as the halides, the dihalides are 
far more thermally stable than the tetrahalides; only PbF 4 1 and PbC142 are known for 
the tetravalent state and PbC1 4  decomposes rapidly at ambient temperatures. For 
organometallic compounds the opposite case is true. Compounds such as PbMe 4 and 
PbEt4 are exceedingly stable whereas PbMe 2 and PbEt2 are unknown. Compounds of 
the type R3PbX tend to be stable (see chapter 6) as are compounds of the type 
R2PbX2 but RPbX3 are practically unknown. 3 
The instability of PbC14 with respect to PbC12 can be attributed to the relative 
weakness of the Pb(IV)-Cl bond compared to the Pb(H)-CI bond. The difference in 
the bond energies is about 50-60 Id moF 1 . A similar situation is found for tin and also 
in group 13 for indium and thallium with the +1 state having greater stability than +3 
for halides. This implies that for the heavier group 13 and 14 elements the 
involvement of s2 electrons leads to a weakening of bonds to halides and other 
electronegative substituents. The reason for this difference is to be found in the 
differing radial extension of the s and p-orbitals in the 5th  row of the main group. The 
result of large differences in the sizes of these orbitals is that sp 3 hybridisation is 
weaker and less efficient and covalent bonding with these weak hybrids is 
correspondingly weaker i.e. the promotion energy for s 2p2 - sp3 is higher for the 
heavier elements. This would seem to imply that the chemistry of lead is dominated 
by the divalent state. Electronegative substituents will therefore result in weak 
covalent bonds in situations where sp 3 hybridisation is important because the high 
partial positive charge induced at the central element centre will increase the 
difference in radial extension between s and p orbitals making sp 3 hybridisation less 
efficient. This is the explanation for the instability of the lead tetrahalides. For PbF 4 
this is more than offset by the very short bond and strong electrostatic contribution to 
bond energy. 
Lead(IV) compounds have a more covalent Pb-C bond than Pb-X because the 
electronegativity of carbon (2.6) is much closer to that of lead (2.3). The bonds 
therefore will not be significantly weaker for the +4 state and are in fact close in 
energy to those of the +2 state. Hence lead will therefore tend to form four Pb-C 
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bonds rather than two and the few organolead(II) compounds that are known readily 
disproportionate as shown in Equation 5.1. 
2PbR2 	> Pb + PbR4 	 Equation 5.1 
Carbon tetrachloride is the only compound in this group that can be described as 
air-stable and until recently was commonly used as an organic solvent for reactions 
involving radical species and in the dry-cleaning industry. The use of CC1 4 as a solvent 
was severely reduced in 1991 by the Montreal Protocol in response to environmental 
damage linked to this and several other similar chemicals identified as causing 
environmental damage. 
The next three MC1 4 compounds are commonly available from chemical suppliers 
and are all air-sensitive evolving HC1 in the presence of water, and are therefore best 
stored and handled under nitrogen using Schlenk or vacuum line techniques. 
Lead(IV)chloride has been known since the 1890s through the work of Freidrich. 4 
He described it as an unstable yellow oil with a propensity to decompose. Since then 
it has attracted little attention, largely no doubt, due to its tendency to decompose 
under ambient conditions. PbC14 was shown to be soluble in CC1 4, CHC13 , conc. HC1 
and benzene 5 '6 (this work contradicts Matthews, indicating that PbC1 4 decomposes 
quite readily in benzene). The melting point has been variously reported at between -6 
and -15'C,'-8 although the latter figure is now the more generally accepted value. A 
gas electron diffraction experiment 9 determined the Pb-Cl bond length to be 2.373(3) 
A in the gas phase. However, despite many early efforts, little is known about the 
chemistry of PbC14 apart from the tendency to decompose to PbC1 2 and C12, and the 
formation of several partially characterised amine adducts.' 
The synthesis of PbC1 4 is relatively straightforward although quite forcing conditions 
are required to oxidise Pb(II) to Pb(IV). 1° The steps are shown in Figures 5.2 to 5.4. 
PbC12 + 
C12 conc.HC1  > PbCl + 2H 	 Equation 5.2 
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PbCl + 2H + pyridine 	>[C5H6N][PbC16 
]2 	
Equation 5.3 
[CS H6 N] [PbC16]2 	H2)4 > PbC14 	 Equation 5.4 
5.1.1 207 P NMR Spectroscopy 
The NMR properties of 207 P lend themselves very conveniently to the study of the 
chemistry of lead compounds. The isotopic abundance of 207 P is —22% and it is the 
only NIIvIR active lead isotope. There is an extensive set of data for 207Pb NMR which 
shows a huge range of shifts - + 10,000 to -6,000ppm. This tends to give large 
differences in shifts for similar compounds, making the value extremely sensitive to 
small changes in the environment of the lead atom(s). Examples of extreme high and 
low frequency shifts are [(Me 3 Si)2CH]2Pb (8207Pb = + 9110)11 and (i 5Ph5C5)2Pb 
(8207Pb = - 6150).12 These both lie at the extreme ends of the scale but most 5 207Pb 
values where the co-ordination number is 4 are found in the range +500 and -800ppm. 
Most data have come from compounds of the type R4Pb, although work done by 
Harrison 13  indicates that there is a strong correlation between shift and electronic 
structure. Species in which the lone pair of electrons are confined to the 6s orbital are 
characterised by very high frequency shifts resulting from efficient nuclear shielding. 
For the more covalently bound ligands, the lone pair is stereochemically active in a 
hybrid sp3d orbital and hence is significantly weaker and the chemical shifts are at 
much lower frequency. In the case of the compounds investigated in this chapter, the 
majority are Pb(IV). One experimental problem encountered during this project was 
the insolubility of lead(II) compounds which frequently meant that no spectra could 
be recorded. 
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This project was concerned with; 
Determining the solid state structure of PbC1 4 by using the technique of low 
temperature X-ray diffraction 
Investigating the effects of pressure on PbCL 
Investigating the chemistry of PbCI4 
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5.2 The Preparation of [PyH] 2 [PbCI61 
This reaction was performed in a fume hood on account of the use of chlorine gas. 
PbCl2 (50 g, 180 mmol) was ground using a pestle and mortar and dried in an oven at 
120°C overnight. It was then placed in a 1 litre round bottomed flask containing a 
large stirrer bar and concentrated HC1 (600 ml), to give a white suspension. (PbC1 2 
has slight solubility in HCl, 30 gIl). Chlorine was generated by the reaction between 
concentrated HC1 and KMn04 . Concentrated HC1 (100 ml) in a dropping funnel, was 
cautiously added to a round bottomed flask (1 litre) containing KMn0 4 (40 g, 253 
mmol) with constant stirring. The chlorine was transferred through a rubber tube with 
a glass pipette at the end and bubbled through the slurry of HC1IPbC1 2. The addition 
of hydrochloric acid was maintained at a constant rate such that Cl 2 was produced 
over as period of 3 hours. The appearance of the slurry began to change almost 
immediately as the colour of the solution changed from colourless to yellow (PbC1 4 
dissolved in the solvent). All of the PbC1 2 appeared to have dissolved after 2 hours but 
Cl2  was added for a further hour to ensure complete reaction. When the generation of 
C12 had ceased the vessel containing HC1IPbC1 4  was cooled in ice, and pyridine (Ca. 15 
g, 180 mmol) was added cautiously. The addition of pyridine immediately caused a 
vigorous reaction and the evolution of fumes from the solution. Large amounts of a 
bright yellow powder, pyridinium-hexachloroplumbate were precipitated. This very 
fine suspension was filtered under gravity over a period of 4 days and then washed 
with ethanol and diethyl ether before drying in an oven at -75°C. 
This product was characterised by its Raman spectrum and its melting point. 14 The 
207 P NMR (DMSO) was also recorded and found a single peak at ö 5156 ppm, this is 
consistent with other compounds of the type M2PbC16. 
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Whilst filtering the yellow pyridinium hexachioroplumbate from concentrated HCI, 
which typically required 3-4 days, a number of colourless needle-like crystals formed 
at the top of the solution. Subsequent investigation of these crystals found a high 
melting point of —270 °C which is substantially different from C 5H5N.HC1 (143-
145°C) 15 and PbC16(PyH)2 (-245°C). 14 Elemental analysis showed C 9.44%, H 0.88% 
and N 2.08%. The closest match that could be found was for [C 5HN][Pb2Cl5 ] 
(calculated C = 8.91%, H=0.89% and N = 2.09%). Raman spectroscopy (Figure 5.1) 
showed the presence of an intense band at 283 cm -1 . This is significantly different 
from the energies of the Pb-Cl stretching modes of PbC1 2, PbC14 and PbC16 .Py2 . 
The crystals proved to be suitable for X-ray diffraction and the structure is shown in 
Figure 5.1 with the packing in the crystal in Figure 5.2 and selected essential 










Figure 5.1 The Raman spectra of [C51i6N][Pb2C15] 
Chapter 5 The Synthesis. Characterisation and Chemistry of PbCL 4 	 131 
Crystal System Monoclinic 
Space Group P21/rn 
Unit cell Dimensions a = 3.9741(16) A 	a = 900 
b = 15.557(4) A 	P = 93.25(10)0 
c=10.135(7)A 	7=900 
Pb(1)-Cl(2) 2.833(7) A 
Pb(1)-Cl(1) 2.845(7) A 
Pb(1)-Cl(2)#1 2.848(7) A 
Pb(1)-C1(2)#2 2.988(7) A 
Pb(1)-Cl(2)#3 2.989(7) A 
Cl(1)-Pb(1)#2 2.988(7) A 
Cl(1)-Pb(1)#3 2.989(7) A 




Cl(2)-Pb(1)-Cl(1)#2 1 58.0(2)0 
Cl(1)-Pb(1)-Cl(1)#2 76.1(2)0 
Cl(2)# 1 -Pb( 1 )-Cl( 1 )#2 89.67(19) 0 
Cl(2)-Pb(l)-Cl(1)#3 89.96(19)° 
Cl(1)-Pb(1)-Cl(1)93 75. 8(2)' 
Pb( 1 )-Cl( 1)-Pb(2)#2 103.9(2)' 
Pb(1)-Cl(1)-Pb(2)#3 104.2(2)' 
Pb(1)#2-Cl(1)-Pb(1)#3 83.35(18)° 
Pb( 1 )-Cl(2)-Pb(1)#4 88.8(2)° 
Table 5.1 Selected crystallographic information for [C5HN][Pb2C15] 
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Figure 5.2 The packing of [C 5H6NI{Pb2CI51.in the solid state 
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The structure shows an array of Pb2CL units each lead atom being in close contact 
with five chlorine atoms at 2.833(7), 2.845(7), 2.848(7), 2.988(7) and 2.989(7) A. In 
addition to these, there are two long range Pb Cl interactions, within the sum of the 
van der Waals radius, at 3.092(7) and 3.120(7) A. These chlorine atoms are also 
interacting with the [C 5HN] units that are between the lead chloride chains and are 
themselves in contact with four lead atoms. There is no Pb "Pb interaction; the closest 
contact is 3.974(8) A. These lengths compare to those found in 
Pb2C16 [NH3(CH)2)2NH3 ] 16 where the Pb-Cl distances are in a similar range [2.682(3) 
to 3.150(2) A]. PbC12 forms colourless orthorhombic crystals in which the lead is 9 
co-ordinate with chlorine atoms at the corners of tricapped trigonal prism in which the 
Pb-Cl distances are around 2.86 A'7 
This product must have been formed by the decomposition of PbC1 4 in HC1 in the 
presence of pyridine. 
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5.3 The Preparation and Analysis of PbCI4 
Pryidinium hexachioroplumbate (6 g, 10 mmol) was added to concentrated H 2SO4 
(500 ml) and stirred for '/2 hour, producing a milky white solution and a dense yellow 
oil of PbCL. The yellow oil was separated, and shaken with fresh H 2SO4 to leave a 
clear yellow oil with a volume Ca. 0.8 cm3 (the density of PbC14 is reported' ° as being 
-3.2 g/cm3), mass = 2.6 g, % yield Ca. 75% based on the amount of lead in 
[PbC16 ] [C5H6N]2 . 
The decomposition of PbC1 4 to PbC12 and Cl2 at room temperature under sulfuric acid 
is quite slow, with -3 g taking perhaps 3-4 days to decompose fully. In CC1 4 solution 
the decomposition is even slower although still noticeable over a period of a few hrs. 
Even when stored in a freezer at -25°C (10°C below the mp) under concentrated 
sulfuric acid, decomposition to PbC1 2 and Cl2 occurs after 2-3 weeks. Owing to the 
extreme difficulties in storing this material it was decided to store the precursor 
[PbC16][PyH] 2 which is both air stable and thermally stable (up to -75°C) and prepare 
PbCl4 as required. While this neatly avoided the problem of decomposition, there was 
also the problem of purification which caused repeated difficulties during the course 
of this investigation. Separation of the PbC1 4 oil from H2SO4 can be achieved with a 
simple separating funnel. However, full separation proved to be extremely difficult 
and was particularly problematic when using basic donors such as methylamine, 
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Wavenuinber (cm-1) 
Figure 5.3 The Raman spectrum of PbC14 
The two distinctive bands here are at 327 cm and 348 cm'. These two bands have 
been recorded by Neu and Gwinn 18 who assigned them as the a 1 and t2 stretching 
vibrations respectively. One should expect to see a second t2 band and the e vibration 
in the spectra, but these both lie near 90 cm -1 which is below the limit of the 
spectrometer. 
By using the technique described in Chapter 2 (2.2.5.1), a single crystal of PbC1 4 was 
grown and a crystal structure was produced which shows that lead tetrachloride exists 
as discrete tetrahedral molecules in the solid state, crystallising in a monoclinic space 
group. The essential crystallographic information is summarised in Table 5.2, and the 
packing is shown in Figure 5.4. 
There was found to be a very good agreement between the Pb-Cl bond length found 
in this study and the values found in the GED study 9 [2.373(3) A]. 
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Crystal system Monoclinic 
Space group 12/a 
Unit cell dimensions a = 10.542(8) A, 	a = 900 
b = 5.359(3) A, 	0 = 115.83(2)° 
c=11.958(5)A, 	7=900 
Pb-Cl(1) 2.360(2) A 
Pb-Cl(1)#1 2.360(2) A 
Pb-Cl(2)#1 2.364(2) A 
Pb-Cl(2) 2.364(2) A 
Cl(1)-Pb(l)-Cl(1)#1 109.94(10)° 





Table 5.2 The geometry of PbC1 4 by single crystal X-ray diffraction 
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Figure 5.4 The packing of PbC14 molecules in the crystal 
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5.4 Comparison of MCI4 compounds in 
the Solid State 
In this laboratory over recent years 19 the solid state structures of SiC1 4, GeC14, SnC14 
and now PbCI4 have been elucidated and the solid state interactions warrant some 
comparison and are shown in Table 5.3. 
SiC14 GeC14 SnCI4 PbCI4 
r(M-Cl)/A 2.01(1) 2.09(1) 2.27(1) 2.36(1) 
r(MCl)/A 4.09(1) 4.10(1) 3.98(1) 3.34(2) 
r(M .... CI)/r(M-C1) 2.03 1.96 1.75 1.42 
r(M .... C1)/sum of 
van der Waals 
radii 
1.05 1.04 1.00 0.88 
Table 5.3 The M-Cl and M ..... Cl distances in the solid-state of group 14 
tetrachloride's 
The table shows the lengthening of the M-Cl bonds from Si-Cl to Pb-Cl [2.01(1) to 
(2.362(2) A] as M increases in size and the decrease in ratio of non-bonded to bonded 
M-Cl interactions. 
The non-linear increase in bond lengths can be attributed to the covalent radii of the 
main group elements; there is a close similarity between the sizes of the 3p and 4p 
elements. This is particularly noticeable for gallium and aluminium (both r.., = 1.25 A) 
and silicon and germanium (Si = 1. 17, Ge = 1.22 A). This arises as a consequence of 
the high effective nuclear charge of the 4p elements resulting from the presence of the 
3d row which serves to contract the valence orbitals. 
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For Si and Ge, the ratio of (M.... Cl):r(M-Cl) is —P2 and indicates no significant 
interaction, lying outside the sum of the van der Waals radii. In the case of tin, 
although the non-bonded distance is almost equal to the van der Waals radii, the ratio 
of M ... Cl:M-Cl is lower than for Si and Ge at 1.75 suggesting that very weak 
intermolecular interactions involving the Sn-Cl bond may be present. The 
corresponding distances in PbCI4 show an even smaller ratio of M Cl: M-Cl of 1.42 
and furthermore, non-bonded interactions are within the sum of the van der Waals 
radii. 
These observations reflect the increasing tendency of the heavier elements of Group 
14 to increase their co-ordination numbers. 
One method of driving this process further is to use high pressure e.g. intermolecular 
interactions in solid iodine can be strengthened by the application of pressure to such 
an extent that at very high pressure a completely delocalised system is formed and 
iodine behaves as a metallic conductor. Given the intermolecular interaction in PbCI 4 , 
it was decided to investigate whether these interactions could be modified by the 
application of high pressure. 
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5.5 The Effect of Pressure on the 
Structure of lead(IV) chloride 
5.5.1 The Diamond Anvil Cell 
The effect of pressure on the structures of simple inorganic compounds has been 
much less explored than the effects of temperature. The most widely used high 
pressure device for scientific studies is the diamond-anvil cell (DAC). 2° This cell 
(shown in Figures 5.4 and 5.5) is only able to contain a small sample volume, but 
owing to the simplicity of its design, is capable of accessing a wide range of pressures 
and employing a range of experiments, offering the opportunity to study materials 
under different conditions and techniques. 
The DAC, developed in 1960, has proved to be a valuable analytical tool in a wide 
range of scientific disciplines from physics, chemistry, biochemistry, geology and 
forensic science. The cell used in this project was constructed in the Department of 






Figure 5.4 	Side view of the diamond anvil cell used in this investigation 
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• 	Bolts 
• 	. 
Figure 5.5 Top view of the DAC 
This schematic diagram (Figure 5.4) is of a P-IT type DAC, suitable for pressure 
tuning Raman, IR and X-ray diffraction at pressures of up to 150 kbar. The diamonds 
are mounted on hardened steel and pressure is applied by sequentially turning the 
three bolts until the desired pressure is achieved. 
In the DAC, the diamonds are dual purpose in that they act as both the optical 
window and the pressure bearing medium. The transparency of diamonds allows the 
use of a wide range of scattering techniques. In this study Raman and X-ray 
diffraction were used but cells of this type are suitable for Brillouin scattering, hR 
absorption, JR reflection, fluorescence and FT-IR. 
Diamonds suitable for Raman study are screened for low fluorescence. Various types 
of diamonds exist. Types I, ha and Ith are natural and are named according to the 
amount and homogeneity of impurities (usually nitrogen). For the size of cell used in 
this work, it was preferable to use synthetic diamonds. By using manufactured 
diamonds, the exact purity can be specified by the supplier, and fluorescence can be 
minimised. 
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5.5.2 Sample Loading 
The sample was loaded into a tungsten gasket that rests on the culet face of one of the 
diamonds. The thickness of the gasket and size of the hole dictate in part the 
maximum pressure that can be attained in the cell. The other limiting factor is in the 
size of the culet face on the diamond; in the cell used for this project the face of the 
diamonds had a diameter of 100 gm. Smaller culet faces (Ca. 50 .tm) are required for 
multi-megabar experiments. 
Loading the cell with PbC1 4  was achieved by placing the cell in a dish containing solid 
CO2  that not only cooled the cell but provided a small-scale inert atmosphere around 
the cell. A sample of PbC14  was then pipetted into the cell taking care not to let it 
decompose to PbC1 2  and chlorine. Once in the cell, the pressure was then increased. 
This had the advantages of solidifying the material (mp = -15 °C) and sealing the 
extremely air-sensitive material in the cell. By recording the Raman spectra 
immediately after loading the cell, the presence of any PbC1 2, formed by 
decomposition could be determined by the appearance of a strongly scattering peak at 
181 cm-1 . 
After several attempts, a sample was loaded and the Raman spectrum showed no sign 
of decomposition. 
Compression of a material results in a decrease in sample volume, a decrease in inter 
and intra-molecular and atomic distances, and hence an increase in orbital overlap. 
Therefore it was anticipated that the bands previously observed at 327 and 348 cm' 
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5.5.3 Changes in the vibrational spectrum of PbCI4 under pressure 
The changes in the spectra of PbCI 4  under increasing pressure are shown in Figures 
5.6 through 5.11. 
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Figure 5.7 The Raman spectrum of PbCI 4 at Ca. 10 kbar 
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Wavenunther (cm-1) 
Figure 5.9 The Raman spectrum of PbC1 4 under Ca. 30 kbar 
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Wavenumber (cm-1) 
Figure 5.11 	The Raman spectrum of PbC1 4 at Ca. 50 kbar 
The spectra in Figures 5.6 through to 5.11 were recorded sequentially at increasing 
pressures. As expected, the t2 and e bands shifted to higher energy but the most 
prominent feature as pressure increased was the growth of two very broad bands at 
Ca. 220 and 500 cm-1 . The two new bands increased in intensity at the expense of the 
e and t2 bands of the original spectra. The pressure in the cell was not recorded during 
this experiment but the upper limit of this particular cell was 120 kbar and it is 
reasonable to assume that in the latter stages the pressure was significantly above 50 
kbar. 
The quite dramatic change in the vibrational spectra of PbC1 4 could be due to a 
number of reasons; 
1. Decomposition of the sample. The decomposition products of PbC1 4 are PbC12 and 
C12. Both have distinctive vibrational spectra with bands at 181 and 547 cm' 
respectively. This decomposition did indeed occur within the cell, before handling 
of the material was perfected. The Raman spectrum of the decomposed materials 
Chapter 5 The Synthesis. Characterisation and Chemistry of PbC1 4 	 147 
are shown in Figure 5.12. The spectrum show quite clearly the emergence of the 
band at 181 cm-1  characteristic of the stretching modes of the Pb-Cl-Pb units, and 
the stretching mode of C1 2 at 547 cm'. This spectrum has little in common with 
Figure 5.11. 
2. Another possibility is that the solidified PbC1 4 had reacted with the tungsten gasket. 
Tungsten is used in the cell because of its high physical strength and its resistance 
to chemical attack. Tungsten chlorides are known, WC1 2 WC13, WC14, WC15 and 
WC16, but only the hexachioride is known to form via direct combination of the 
elements, after refluxing for several hours in CC1 4 . 21 This could be ruled out on the 
basis that no bands attributable to WCI 6 were observed. The only likely products of 
this reaction are PbC1 2 or metallic lead and no bands attributable to this PbC1 2 were 
observed and had metallic lead been present the cell contents would have become 
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Figure 5.12 The Raman spectra of decomposing PbC1 4 
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The dramatic change in the vibrational spectra strongly suggest the formation of a 
new phase of PbC1 4  at high pressures. A striking similarity was noticed between the 
Raman spectrum of tin tetrafluoride (SnF 4)22 and the spectrum of the high pressure 
phase. Only two Raman active bands were observed at 230(br) and 621(sh) cm 1 and 
these were assigned as the t2 g  and eg  modes and as being of medium and strong 
intensity respectively, in good correlation with the spectra obtained for PbC1 4. The 
structure of SnF 4  (Figure 5.13) contains layers of octahedral tin atoms, surrounded by 
six fluorines. The four fluorines that are in the same plane are involved in Sn-F-Sn 
bridges and the remaining two are terminally bonded to the central tin atom. SnF 4 is 
known to be isostructural with PbF 4 and therefore it is likely that under high pressure 
PbCL4 adopts the PbF 4 structure. 
One distinct difference between the chemical properties of the two phases was the 
marked increase in thermal stability of the new high pressure phase. This new phase 
produced the same Raman spectra after 15 hours storage at 2°C. Under ambient 
conditions this would be ample time for the original phase decompose to PbC1 2 and 
Cl2 . 
Figure 5.13 The structure of SnF4 
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Attempts to confirm the structure of the high pressure phase of PbC1 4 failed on 
account of the material being a glass and therefore failing to diffract X-rays. Some 
other related systems such as SnL are also known to form glasses under pressure. 
The pressure at which the changes in the Raman spectrum took place were not 
measured owing to the difficulty of the experiment. Usually a small ruby is contained 
in the cell with the sample and this provides an accurate measurement of the pressure 
owing to the linear response to pressure of the ruby fluorescence line. The presence of 
the ruby in the cell requires great care not to dislodge it when loading the cell but 
owing to the rapid decomposition of the sample the ruby was washed out and thus 
pressure measurements were not taken. In spite of this, the pressure for full 
conversion from the molecular to layered form of PbC1 4 was estimated to occur at 
over 50 kbar. 
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5.6 An exploration of the chemistry of lead 
chlorides 
5.6.1 	Introduction 
Tin(IV) chloride is known to form a variety of adducts with donor molecules and in 
light of this it seemed likely that lead(IV) chloride would mimic its behaviour. 
Previous work published in 1898 by Matthews' seemed to indicate that N-donor 
molecules formed a variety of complexes of the type PbCl 4L where n = 1,2,3 or 4. 
These compounds were characterised, as was the practice in the 
19th  century, by 
decomposing portions of the product with sulfuric acid, silver nitrate or another 
suitable compound and weighing the products. No analysis was available at this time 
for carbon and the products of these tests were unlikely to have been subject to any 
subsequent characterisation. 
5.6.2 Experimental Technique 
For the majority of these reactions, a small amount of PbC1 4 (ca. 1.5 g) was pipetted 
into a Young's tap ampoule, cooled to -196°C and a solvent, either CHCI 3 or CC14 
(typically Ca. 10 ml) was condensed into the ampoule. An excess of ligand was then 
condensed into the ampoule and the contents warmed to room temperature. In almost 
every case a white powder was seen to form in the reaction vessel. Subsequent 
analysis of these white powders using Raman spectroscopy showed the characteristic 
stretches at -.183 cm', indicative of the bridging Pb-Cl-Pb units of PbC1 2. This 
showed the decomposition of PbC1 4 into PbC12 via the evolution of chlorine gas. A 
range of common amines was used in reactions of this type and almost without 
exception produced solid material whose Raman spectrum showed a vibration at 183 
cm'. In some reactions, air stable crystalline material was formed which proved to be 
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R3N.HC1. This was assumed to form as a consequence of acidic impurities, most likely 
from the separation with H 2SO4 , in the PbC14 . 
The repeated failure of this type of reaction suggests that one or more of the 
following possibilities may be occurring 
Lead(IV) chloride does not react with this type of donor. 
The decomposition of PbC1 4 into PbC12 and C12 is preferable to the formation of 
adducts in kinetic energy terms. 
Lead(IV) chloride is not stable in the chosen solvents (CC1 4 and CHC13) in the 
presence of donor bases. 
Traces of H2SO4  reacts with the donor bases, causing the decomposition of PbC1 4 . 
It seems likely that the main cause for failure of these reactions was the sensitivity of 
the material to the presence of any foreign matter, including amine hydrochlorides and 
possibly the bases themselves. 
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5.6.2.1 	The reaction between IPbCI4 and (excess) NH 3 
The reaction between PbC14 and ammonia was more encouraging. This reaction was 
performed by passing a steady stream of ammonia gas through a solution of PbC1 4 (3 
g, 8.6 mmol) in CC14 (150 ml). After 2-3 hours a brown solid appeared to settle out at 
the bottom of the solution. This material was dried under vacuum where its colour 
lightened slightly. Elemental analysis revealed C% = 0.37, H% = 3.66, N% = 12.88. 
Although these figures indicate the presence of some carbonaceous impurity which is 
most likely due to residual CC14 in the material, they indicate that the compound has 
the composition PbCL1L4 rather than PbC1 4L2 from the amount of nitrogen present 
(calculated for PbC1 4(N}13)2 = 7.31% and PbC1 4(N}13)4  = 13.43%) 
This is in agreement with the findings of Matthews' who reported the formation of 
PbC14 .(NH3)2, as an orange-yellow solid that decomposed in air and PbC1 4.(NH3)4 as a 
white precipitate that was stable in air. 
The material decomposed before melting; at —140°C the colour of the solid had 
lightened to off-white and by —280°C the colour had turned grey. On heating under a 
vacuum the material sublimed at 250°C depositing a white solid approximately 2 cm 
above the starting material. 207 P NMR (DMSO) gave a single broad peak at 85135 
ppm, almost certainly due to the presence of Pb(IV). 
Despite no further characterisation, the presence of Pb(IV) and the amount of 
nitrogen in the sample indicate the presence of a lead adduct of ammonia but the lack 
of further evidence prevents any definite identification. 
Any further investigations should attempt to characterise this material through X-ray 
powder diffraction, thermal gravimetric analysis and elemental analysis (of lead). 
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5.6.2.2 The reaction between PbC1 4 and KSCN 
A solution of CHC1 3 (ca. 50 ml) containing lead(IV) chloride (3.5 g, 10 mmol) was 
placed in a vessel and added to a second vessel containing KSCN (6.0 g, 62 mmol) 
under nitrogen. This reaction mixture was stirred for 15 hours during which time the 
colour of the solution lightened from yellow to colourless and an orange precipitate 
had formed. The precipitate was analysed by elemental analysis and the results C%= 
11.19 and N%= 12.54 were found to correspond closely to [K] 2[Pb(SCN)6] 
(Calculated figures C% = 11.36 and N% = 13.25.) 
Attempts to obtain a crystalline product via the reaction with Bu 4NBr in acetonitrile 
produced KPbBr5 instead of the expected [Bu 4N]2[Pb(SCN)6]. 
Further attempts to exchange the cation with Bu 4N in THF and acetone proved to be 
unsuccessful. 
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5.7 MCl (M = Sn, Pb and n = 2 1 4) and 
attempts at halide ion abstraction with 
SbCI5 
5.7.1 	Introduction 
Since 1987 halide ion abstraction using SbC1 5 has provided many2327 examples of 
compounds of the type MCl counterbalanced by the large SbC1 6 anion. 
MCI,, + SbC15 -* MC1 1 + SbC16 	 Equation 5.5 
The first example of this type of ion pair arose from the reaction between TiCL (itself 
a relatively strong Lewis acid) and SbC1 5 in acetonitrile. 23 The reaction yielded 
crystals whose structure proved to be [TiC1 3(MeCN)3][SbCI6], thus neatly 
demonstrating the superior Lewis acid character of SbC1 5 over TiC13 This type of 
reaction has regularly been applied to early transition and main group metal chlorides, 
often with small azo-macrocycles for added stability of the cation such as [Sc(12-
crown-4)2] {SbCl 6] [Sb2Clg . (MeCN)2] . 2MeCN24 which included the rare dimeric Sb 2C14 
structural unit and [SbC1 2(Me3 [9]aneN3)][SbCl6] 
5.7.2 The reaction between PbCl 2 and SbCI5 
This reaction was carried out using standard Schlenk techniques. PbC1 2 (2.0 g, 7.2 
mmol) was dried in an oven at 80°C and placed in a Schienk tube MeCN (Ca 50 ml) 
was added to give a suspension and then SbC1 5 (2.15 g, 7.2 mmol) was added by 
pipette in a glove box. An immediate reaction occurred with the evolution of fumes. 
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The evolution of fumes ceased after 20 minutes and the vessel was removed from the 
glove box and stirring commenced for a period of 15 hours. There was no visible 
change in the appearance of the reaction mixture and the MeCN solution was filtered 
and evacuated to dryness leaving large, diffraction-quality single crystals. The 
essential crystallographic information is listed in Table 5.4, and the structure is shown 
in Figures 5.14 and 5.15. 
Crystal System Orthorhombic 
Space group Pbcn 
Unit cell dimensions a = 12.972(6) A 	a = 90° 
b = 12.275(7) A 13 = 90° 
c = 23.700(9) A 	y = 90° 
Sb(1A)-O(2A) 1.973(9) A 
Sb(1A)-O(1A) 2.078(9) A 
Sb(1A)-Cl(3A) 2.325(4) A 
Sb(1A)-Cl(2A) 2.329(4) A 
Sb(1A)-Cl(1A) 2.333(4) A 
Sb(1A)-Cl(4A) 2.336(4) A 
0(2A)-Sb(1A)-O(1A) 85. 1(4)' 
0(2A)-Sb(1A)-Cl(3A) 172.7(3)° 
Cl(3A)-Sb(1A)-Cl(1A) 94.41(16)° 
Cl(3 A)-Sb(1 A)-Cl(4A) 90.38(1 5)' 
Cl(2A)-Sb(1A)-Cl(4A) 172.37(15)' 
Table 5.4 	Selected crystallographic information for C14Sb(MeO)2(MeOH)2SbC14 
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Figure 5.14 The crystal structure of C1 4Sb(MeOH)2(MeO)2SbC14 
Figure 5.15 Side view of CI4Sb(MeOH)2(MeO)2SbC14 
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The presence of methanol and the methoxy bridges was rather unexpected. The 
solvent used in this reaction had apparently been contaminated with methanol. 'H 
NMR analysis of the solvent showed the dilution to be approximately 400:1. 
The structure of this dimer shows two octahedral antimony centres with 4 Sb-Cl bond 
lengths [2.325(4) to 2.336(4) A] which compare to those found in 
[TiC13(MeCN')3][SbCl6]23  [2.330(3) - 2.360(3)A] and [Sc(12-crown-
4)2][SbCl6][Sb2Cl8 .(MeCN)2].2MeCN24 where the [SbC16 1 - bonds are in the range 
2.349(2) - 2.3 59(2) A and the Sb-Cl of the dimeric [Sb 2C18]2 [2.3 58(2) - 2.459(2) A] 
can be described as typical. 
The Sb-O bonds [1.973(9)-2.078(9) A] are also within the expected range but 
significantly different to each other. This is because one is a normal cy bond to 
methoxide [1.973(9) A] and the other is a donor bond from the methanol 
[2.078(9)A]. As a comparison, the bonds to terminal and bridging methoxy groups in 
the dimeric antimony pentamethoxide 27 are Ca. 1.94 and 2.10 A. 
The distorted geometry around the antimony centre is probably a result of the two 
MeO-H-OMe bridges, but the deviation of angles from 90 and 180° is significant. 
The structure appears to be that of an intermediate in the methanolysis of SbC1 5 . 
The methanolysis of antimony chlorides has previously been investigated by 
Sowerby28  who investigated the reaction of diphenylantimony trichioride with 
methanol that was reported to produce (SbPh 2Cl2)20. This compound was considered 
to arise from either the loss of dimethyl ether from an intermediate monomethoxy 
compound29  or as a result of hydrolysis by traces of moisture in the methanol. 30'3 ' The 
work by Sowerby included the structure of a dimeric unit [SbPh 2Br2(OMe)MeOH]2, 
with an eight-membered ring in the centre of the molecule, iso-structural with the 
structure presented in Figures 5.14 and 5.15. The presence of MeO-H-OMe bridges in 
the structure seems to support the opinion that decomposition will occur via the loss 
of Me20. 
On repeating this experiment with freshly distilled acetonitrile, no reaction was 
observed to take place. The failure of SbC1 5 to extract a chlorine ion from PbC1 2 can 
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most likely be explained by the polymeric structure of PbCl 2 and its high lattice 
energy, leading to low solubility in acetonitrile. To date, no halide abstraction 
reactions have been reported for SbC1 5 involving polymeric metal halides. 
5.7.3 The reaction between PbCI 4 and SbCI5 
This reaction was performed in acetonitrile by adding a solution of SbC1 5 (3.0g, 
lOmmol) in MeCN (ca. 50m1) to PbC14 (3.5g, lOmmol) in CCI 4 (ca. 30m1). No 
reaction was observed to take place immediately except the slow precipitation of a 
white solid from the yellow solution. The mother liquor was removed and half the 
solvent was removed under vacuum. On standing, this solution in an oil bath in a 
fridge for 1/2 hour yellow crystals grew of suitable quality for X-ray diffraction. Raman 
spectroscopy indicated the presence of SbCl 6 anions by the presence of a band at 
---345cm', in this case possibly being hidden by the very intense Pb-Cl terminal stretch 
at 334cm 1 . The two Raman spectra are displayed in Figure 5.16 (lower line = PbC1 4 , 
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Figure 5.16 The Raman spectrum of PbC1 4 and that of the product of reaction 5.7.3 
The crystal structure determination shows that a very different and unexpected 
reaction had taken place. The reaction is shown in Equation 5.6. 
PbC14 +2SbC15 
MeG'! >[Pb(MeCN)9 ][SbC16 ]2 +C12 	 Equation 5.6 
The formation of a nine co-ordinate lead di-cation with the structure 
[Pb(MeCN)9] [SbC1 6]2 was completely unexpected. Selected crystallographic data are 
listed in Table 5.5. The structure of the [Pb(MeCN) 9]2 fragment is shown in Figure 
5.17, and the packing diagram with SbC1 6 counteranions is in Figure 5.18. 
Whilst in solution the PbC14 probably decomposed to PbC1 2 and Cl2 with immediate 
complexation by MeCN and SbC1 5 . The unusually large coordination number is 
probably a reflection of the size of the Pb 11 cation [1.19 A] compared to others in 
Group 14 of 0.73 and 1.18 A [Ge and Sn respectively.] 
Whilst a co-ordination number of 9 is not unprecedented for lead compounds, it is 
certainly unusual. There are a number of 9 co-ordinate lead(II) compounds reported 
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in 	the 	literature 	such 	as 	[(18_Crown)-6)-(MeCN)3Pb][SbCl6]2 32 	and 
[(2,2' : 6,2"Terpyridine) 3Pb] [Cl04] 33 
The average Pb-N distance of Ca. 2.75 A is typical for ionic lead compounds, the 
average value of Pb-N bonds in such a high coordination number is 2.63(2) A, but 
covers a large range. For example [PbL(BPh)]BPK4 [2.513(12) A] and 
[{PbL(02CMe)}2][BPh4] 34  [3.047(11) A] (where L = 1,4,7-tris(pyrazol-1-ylmethyl)-
1 ,4,7-triazacyclononane). 
The crystals initially appeared to decompose in air giving a white powder. However, 
after 4 days the Raman spectrum was unchanged, implying that the compound was air 
stable and that the change in physical appearance of the crystals was the result of the 
loss of solvent from within the crystal lattice. 
Crystal System 	 I Orthorhombic 
Space group 	 1222 
Unit cell dimensions 	 a = 7.1894(16) A a = 90° 
b = 11.100(2)A 	3 = 90° 
c = 24.046(5) A 	y = 900 
Pb-N(average) 	 2.748(39) A 
Sb-Cl(average) 2.357(27) A 
Table 5.5 Selected crystallographic information for [Pb(MeCN)9}[SbCL6]2 
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Figure 5.17 The crystal structure of [Pb(MeCN) 9]2 . (Hydrogen positions omitted 
for clarity) 
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Figure 5.18 The crystal structure of [Pb(MeCN) 9][SbC16] 2 , (Hydrogen positions 
omitted for clarity) 
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5.7.4 The reaction between SnCl 2 and SbCL5 
A solution of SbC15 (3g, lOmmol) in acetonitrile Ca. 40m1 was added to SnCl2 (2 g, 
11 mmol) The mixture was stirred and within 1 hr all of the SnC1 2 dissolved in the 
solution which retained its yellow colour. The solvent was removed after '/2 hour of 
stirring to leave large diffraction quality single crystals. The following structure of 
SnC4(MeCN)2 was obtained and is shown in Figure 5.19 and the main 
crystallographic details are listed in Table 5.6. 
Crystal System Orthorhombic 
Space Group Prima 
Unit cell Dimensions a = 10.4771(15) A a = 900 
b = 13.7683(18) A 	= 90° 
c = 9.7669(13) A y = 90° 
Sn(1)-N(1) 2.2567(17) A 
Sn(1)-N(1)#1 2.2567(17) A 
Sn(1)-Cl(1) 2.3502(8) A 
Sn(1)-Cl(2) 2.3599(5) A 
Sn(1)-Cl(2)#1 2.3599(5) A 




Table 5.6 Selected crystallographic information for SnC14(MeCN)2 
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Figure 5.19 The crystal structure of SnC1 4(MeCN)2 (Hydrogen positions omitted 
for clarity) 
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The Sn-Cl bond distances [2.3502(8) to 2.3617(8) A] are a little longer than the 
distances in SnCI4 [2.2688(15) to 2.2748(16) A] but this can be attributed to the 
increase in electron density at the tin centre due to donation from the acetonitrile 
adducts and the increased co-ordination number. The range of Sn-Cit lengths varies 
greatly according to the environment of the tin atom, for example in the anionic 
fragment [LnC1 2(thf) 5][SnCl5 (thf)] 35  (where Ln = Ce, Gd and Yb) SflClav. 2.399(2) A 
the lengthening is clearly due to the distorted octahedral geometry (as in this case) 
and the electronic contribution from the extra Cl - anion. This compound has been the 
subject of a previous X-ray study '36  and Sn-Cl distances are in relatively good 
agreement [2.339 to 2.356 A (esds not reported)] with those found here. The Cl-Sn-
Cl angle was stated to be 168.3°, in poor agreement with this report [164.90(3) °]. 
Few further details such as the temperature of the diffraction were given but the 
structure obtained in this work would appear to be more accurate. 
As mentioned earlier SnC1 4 forms a variety of cis compounds with the general form 
SnC14 .L2. Of these, only those where L = SMe 20, SeC120 PC130 and trans-SnC1 4.2py 
have been structurally characterised. 3740 
SnC14(1\4eCN)2 is known to exist in three crystalline phases, 41 Form-i (stable) and two 
metastable ones (Form-2 and Form-3) that are reported to exist together. All three are 
suggested to be cis isomers. Forms 2 and 3 are high temperature phases (87°C) that 
are reported to revert to Form-i on standing at room temperature 'gradually.' 
The surprising aspect of this reaction is that any reaction occurred under these 
conditions. As previously demonstrated, PbC1 2 undergoes no reaction under these 
conditions yet Sn is oxidised and Sb" is apparently reduced. 
The usual method of producing SnC1 4(1\4eCN)2 is to add a stoichiometric amount of 
MeCN to a solution of SnC14 in CC14, remove the solvent under vacuum and re-
crystallise from acetonitrile. In this case it would appear that SnC1 2 reduced SbC1 5 and 
then acetonitrile formed the adduct. 
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5.7.5 The reaction between SnCI4 and SbCI5 
Both SnC14 and SbC1 5  are well recognised as potent halide ion acceptors. For example 
SnC14 forms the anion [SnC1 5(thf)] 35  in solutions containing LnC1 3 (where Ln = Ce, 
Gd or Yb). Given the Lewis acidity of SbC1 5 this investigation was designed to 
discover whether SbC1 5  would remove a chloride anion from SnC1 4, as had been 
demonstrated earlier by Willey 23 with the SbC1 5/TiCL system (another compound 
known to be a strong Lewis acid). 
The reaction was performed by cooling an ampoule containing SbC1 5 (2.0 g, 6.7 
mmol) and acetonitrile (Ca. 30 ml) in liquid nitrogen and condensing in the 
stoichiometric amount of tin tetrachloride. This mixture was allowed to warm to room 
temperature and was stirred overnight. The solution of SbC1 5/MeCN was yellow, as 
was the final solution. No changes in appearance were observed at any point and 
about 3/4  of the solvent was removed before placing the ampoule in a freezer to 
attempt to crystallise any product. The crystalline product yielded a Raman spectrum 
shown below in Figure 5.20 shows the presence of an intense stretch at 346cm', 












Figure 5.20 Raman spectrum of SbCl5(MeCN) 
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Subsequent analysis of the crystals using x-ray diffiaction showed that a simple 
acetonitrile adduct of antimony pentachioride had formed in the solution. There seems 
to be no simple explanation as to why the reaction to remove a chlorine from the 
SnCL molecule had not taken place, or in fact why there was no tin at all in the 
structure. This molecule has been the subject of a previous investigation in the mid-
1960s by Binas. 42  The cell reported was slightly larger, probably due to the data being 
recorded at a higher temperature although this was not noted. The R-factor was 
substantially larger at 17.1% (3.8% this work). The Sb-Cl bond lengths ranged from 
2.33 to 2.40 A(esds not reported) [2.3401(10) to 2.3425(8) A this work] and the Sb-
N distance was 2.23 A, [2.225(3) A this work] in poor agreement with this study, 
especially when the unit cell dimensions are taken into consideration. For the Binas 
study they are a = 13.12, b = 9.56 and c = 8.04 A. The very different results obtained 
from the 'halide abstraction' reactions of SbC1 5 and SnC14 and PbC14 indicate that 
SnC14 is a superior Lewis acid to PbC1 4, but approximately equal in Lewis acid 
character to SbCI 5 owing to its inability to extract Cl - (and vice versa). 
Selected crystallographic details are listed in Table 5.7, and the structure is shown 
pictorially in Figure 5.21. 
Crystal System Orthorhombic 
Space Group Pnma 
Unit cell Dimensions a = 12.736(5) A 	a = 90° 
b=9.517(3)A 	J3=90° 
c = 7.9375(19) A 	=y90° 
Sb-N 2.225(3) A 
Sb-Cl(4) 2.3401(10) A 
Sb-Cl(2) 2.3414(8) A 
Sb-Cl(3) 2.3426(8) A 
Table 5.6 The essential crystallographic information for SbC15(MeCN) 
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Figure 5.21 The molecular structure of SbC1 5(MeCN) in the crystal, hydrogen 
positions omitted 
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5.8 Summary and suggestions for further 
work 
The X-ray crystal structure of PbC1 4 has been determined, complementing this 
laboratory's work on the series of Group 14 tetrachlorides. 
Initial investigations of PbC14 under high pressure have been carried out, indicating 
that a phase change occurs. Raman spectra indicate that this new phase may have a 
structure similar to those of SnF 4 and PbF4. Identification of this new phase using 
EXAFS should be a priority. 
All attempts to form adducts with PbC1 4 failed, except the reaction with ammonia. 
This is in stark contrast to SnC1 4, which readily forms adducts with many Lewis bases. 
The decomposition of PbC1 4 in the presence of SbC1 5 and acetonitrile resulted in the 
formation of [Pb(MeCN) 9][SbCl6]2 yet under the same conditions SnC1 4 appeared to 
undergo no reaction implying that SbC1 5 and SnC13 are equally matched in the area of 
halide ion abstraction. 
Use of an impure solvent (MeCN contaminated with MeOH) yielded an intermediate 
in the methanolysis of SbC1 5 . This structure appears to confirm Sowerbray's opinion 
that the reaction is driven by the elimination of dimethyl ether. 
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Chapter 6 
The Structural Chemistry of some 
Trialkyllead compounds 
6.1 Introduction 
Despite the long-term interest in trialkyl lead compounds as anti-knock additives for 
petrol, there have been comparatively few structural studies of simple trialkyl lead 
compounds. Such studies have been confined to early gas electron diffraction studies 
of PbMe4 1 and Pb2Me62 and to crystallographic studies of Me 3PbC1, 3 Me3PbN3 , 4 
Me3PbN(SO2Me)25 . A common feature of all the compounds containing an 
electronegative group attached to the Me 3Pb unit is the adoption of a solid-state 
structure in which the electronegative element bridges two Pb atoms to give one-
dimensional chains. In contrast, solid state structures of compounds such as PbPh 4 , 6 
and Pb(0-t0l)4, Pb(p-t0l)4, Pb2(p-tol)67 (where tol = CH3C6H5). invariably show no 
evidence of bridging interactions. For the Me 3PbX systems, there should, in principle, 
be a gradation in the degree of bridging interactions depending on the 
electronegativity of the substituent. One of the aims of the study reported here was to 
investigate the effect on structure of different substituents and to exploit this 
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information in the design of potential single-source precursors suitable for the growth 
of lead chalcogenides such as PbSe and PbTe by chemical vapour deposition. These 
materials are small-bandgap semiconductors and find uses as photo-electric and 
thermo-electric devices. 8  Strategies for the design of precursors for these materials 
appear so far to have centred on the use of Pb(ll) compounds but the results of an 
earlier study in this laboratory show that Pb(IV) compounds may have significant 
advantages. 9 
Recent work in this laboratory has included the synthesis and characterisation of the 
compounds Me3PbSPh, Me3PbSePh and Me3PbTePh, but this part of the project 
centred on the synthesis and structural characterisation of the methyl-substituted 
derivatives Me3PbSMe and Me 3PbSeMe. These compounds are known from earlier 
work10 ' 11 which investigated possible replacements of the anti-knock agent, Et 4Pb, in 
petrol. In this case the reason for investigation was that the compounds were expected 
to be more volatile and decompose to PbE at lower temperatures than the phenyl 
compounds. 
In the few previous studies mentioned above, the investigations have included 
structural information of the trimethyllead halides, Me 3PbX, where X = Cl, Br and I. 
The crystal structures of the bromide and iodide 12  confirm the conclusions drawn from 
a vibrational study of these compounds. 13  In both cases zig-zag chains are formed by 
linking planar Me3Pb units with bridging bromine and iodine atoms thereby increasing 
the coordination number of lead to 5, and in both cases the angle X-Pb-X was very 
close to 1800. 
The decision to re-investigate (CH 3)3PbC1 was taken because there are a number of 
inconsistencies in the published structure '3  non-equivalent Pb-C bond lengths and a 
non linear Cl-Pb Cl bond angle in contrast to (CH 3)3PbBr and (CH3)3PbI. 
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6.2 Trimethyllead chloride 
A single crystal X-ray study of Me 3PbC1 had been performed earlier in this laboratory 
(by Dr. Holgar Fleischer) and the data were found to be consistent with that of 
Weiss,3 i.e. the same crystal system, space group and number of molecules per unit 
cell, although the lattice parameters were slightly different on account of the data 
being collected at -123°C compared to 24°C. The data also confirmed the findings of 
Weiss concerning the inequivalent Pb-C distances and the non-linear Cl-Pb Cl 
interaction. This is shown in Figures 6.1 and 6.2. 
Figure 6.1 The structure of(CH3)3PbC1 as determined by X-ray diffraction 
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Figure 6.2 The packing of(CH3)3PbC1 in the crystal showing possible H ... Cl inter-
chain interaction 
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The molecular structure in the crystal showed planar Me 3Pb groups (sum of angles = 
359.8°) linked by bridging chlorine atoms (Figure 6.1) similar to those found in 
Me3PbBr and Me3PbI. In stark contrast, however, were the X-Pb-X bond angles 
which for both X = Br and I are approximately 180°. Where X = Cl, however, the 
angle is 157.4 ° . The nature of this distortion was not discussed by Weiss'. The second 
anomalous feature of the structure was that one of the Pb-C bond lengths appears to 
be unusually short, 2.02(5) compared to 2.21(3) and 2.19(2) A. These distances are in 
good agreement with other trimethyllead compounds, e.g. Me 3PbOAc 14 [2.17(3) and 
2.20(4) A], Me3PbN34 [2.23(2) and 2.20(1) A] and Me3Pb(N2)CO2Et,' 5 [2.20(3), 
2.21(3), 2.24(3) A]. Thus it appears that two of the three Pb-C distances are in good 
agreement with previous observations whereas one is some 10% shorter than 
expected. 
The asymmetry of the Me 3Pb groups was again noted in the new structure but new 
information on the arrangement of the shorter Pb-C bond was found. One of the 
hydrogens appeared to be in close contact with a chlorine atom of a neighboring 
chain. Since X-rays are unable to locate hydrogens in the presence of heavy atoms 
with any degree of precision it was decided to confirm the existence of this using 
neutron diffraction. 
A sample of (CD3)3PbC1 was prepared for powder neutron diffraction on the HRPD 
instrument at the ISIS facility, Rutherford Appleton Laboratory. 
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6.2.1 The preparation of (CD3)PbCI 
(CH3)3PbC1 is produced by the method shown in Equation 6.1 
16  The use of fully 
deuterated starting materials adds the additional step of preparing CD 3Li and CD3I 
from CD30D. 
Pb12 + 3MeLi + Mel 	w PbMe4 + Lii 
	 Equation 6.1 
PbMe4 + HC1 	 - Me3PbC1 + CH4 
A sample of(CD3)4Pb (prepared by Dr. H. Fleischer) was the starting material for this 
investigation. 
A solution of Pb(CD3)4, (2.3 g, 8.24 mmol) in (Ca. 30 ml) Et20 and HC1 (0.30 g, 8.25 
mmol) was condensed into the vessel together with a trace of H 20 as a catalyst. The 
mixture was allowed to warm to room temperature. Some effervescence was 
observed and was attributed to the evolution of D 3CH, which ceased after 15-20 
minutes. The solvent and any traces of water were then pumped away under vacuum 
leaving a small amount of white crystalline material. This material was recrystallised 
from ethyl acetate (ca. 15 ml) to leave small crystallites of (CD 3 )3PbC1 (1.4 g, 4.72 
mmol), a percentage yield of 57% based on the amount of(CD 3)4Pb taken. 
The preparation of the sample for powder neutron diffraction involved sieving the 
crystallites through a fine mesh. This approach was preferred to the more 
conventional technique of grinding with a pestle and mortar to avoid the potential 
problems of rendering the powder amorphous or inducing a phase change. These are 
quite common occurrences when grinding relatively soft organometallic and organic 
compounds. The powder, (Ca. 2 g), was loaded into a vanadium can which was then 
mounted in the neutron beam on the HRPD beam-line. Data collection took place 
over a period of 18 hrs at 25°C. 
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(3;;• 
Figure 6.3 Plot of neutron diffraction data. 
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6.2.2 Data Analysis 
The neutron data recorded at 25°C were not consistent with the cell and space group 
derived from the X-ray studies. The plot of data points is shown in Figure 6.3. The 
most notable difference was a series of unassigned peaks with d-spacings in the range 
2.8-3.5 A, indicative of a lower symmetry or larger unit cell. By doubling the c-axis, 
these discrepancies disappeared. Owing to closely spaced peaks which even the high 
resolution of the HRPD instrument cannot resolve, determination of the space group 
from these data was not trivial. C, A and I-centered lattices were rejected on the basis 
of systematic absences although the structure is highly pseudo-symmetric with respect 
to an I-centered lattice, since the only reflection that is observed which violated the 
constraint is the weak (005) reflection. Lattices with c/n glides can also be ruled out 
and if the 21 screw axes are retained from the C2 model, a plausible space group is 
P21/a. 
To corroborate these findings, single crystal X-ray data were collected at the 
Synchrotron Radiation Source, Daresbuiy, UK. These data confirmed the doubling of 
the c-axis and showed quite clearly why both our own and Weiss's laboratory-based 
single crystal studies had not detected this doubling - the intensities of reflections from 
the larger cell were typically only a few percent of the intensities in the smaller cell. 
However, X-ray data showed no evidence of a primitive cell and were refined in the 
12/a space group (Figures 6.1 and 6.2). The neutron data were refined in the P21/a 
space group (Figure 6.4). 
With the increased size of the unit cell, the structures derived from both the X-ray and 
neutron data show that Me 3PbCl adopts a structure which is very similar to those of 
the other trimethyllead halides i.e. there is no significant deviation in the CI-Pb-Cl 
angle from 180°. 
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Figure 6.4 The structure of (CH3)3PbCI as determined by neutron diffraction 
The ratios of the r(Pb-X):r(Pb ... X) for each of the three Me 3PbX compounds [r(Pb-X) 
is the shorter bond to lead and r(Pb• X) is the longer bond] decrease in the order 
0.973, 0.936 and 0.909, respectively. This is in line with the increasing 
electronegativity of the halide (2.7, 3.0 and 3.2) and reflects the increasing polarity of 
the Pb-X bond resulting in an increasing tendency of the halide to participate in 
bridging interactions. 
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6.3 The investigation of Me 3PbER 
compounds 
Several compounds of the type Me 3PbER (E = S, Se, Te) are known" O' 
11  and have 
previously been the subject of an investigation in this laboratory. This investigation 
(carried out by Dr. Holger Fleischer) centred on the synthesis of such compounds 
where E = S, Se and Te and R = Ph. The Group 16 elements all have substantially 
lower electronegativities than the halogens and through the synthesis and 
characterisation of a series of these compounds, it was possible to discover at which 
point trimethyllead derivatives containing these elements adopted solid-state 
structures which did not show evidence of bridging interactions. The low melting 
points and much higher volatility of these compounds compared with the halogen 
derivatives, Me3PbX, point to relatively weak intermolecular forces in the solid state. 
It had also been observed that these compounds decomposed on heating at Ca. 200°C 
to the respective lead chalcogenide, and so offered potential as CVD precursors. 
For this investigation, a further two compounds of the Me 3PbER type were prepared 
and characterised, namely; Me 3PbSMe and Me3PbSeMe. Replacement of Ph with Me 
was expected to give rise to compounds with increased volatility. 
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6.3.1 The Synthesis and Characterisation of (CH 3)3PbSMe, 1 
Me3PbBr was prepared from PbMe 4 and Br2 according to standard methods. 
17  Sodium 
(0.1 g, 4.51 mmol) was added to liquid ammonia Ca. 30 ml at -78° resulting in a 
homogeneous deep blue solution. Me 2S2 (0.21 g, 2.26 mmol) was added dropwise 
until a colourless solution was formed. The ammonia was removed by warming to 
room temperature to give NaSMe as a white solid, which was washed with pentane (2 
x 30 ml) and dried under vacuum. The product was used without further purification. 
A solution of Me3PbBr (1.50 g, 4.51 mmol) in diethyl ether (ca. 100 ml) was cooled 
to -78°C and added to the vessel containing NaSMe. The reaction was assumed to be 
light sensitive and so was performed in the dark. After stirring for 1/2  hour the mixture 
was allowed to warm to room temperature. The solution by this time had become 
yellow and a white solid was precipitated. The solution was filtered and pumped to 
dryness revealing a yellow oil with a very low vapour pressure. Attempts to distill this 
oil on a high vacuum-line failed. 
The analysis of the oil; Elemental analysis found (expected for (CH 3)3PbSMe) C% 
15.52 (16.03) H% 4.04 (3.54). 'H NMR (CDC1 3) 61.21 (singlet, J(pl,w = 32 Hz) and 
62.28 ppm (singlet) in a ratio of 3:1. ' 3C NMR (CDC13) 65.9 (J(pb..c) = 105 Hz) and 
610.5 ppm. 207Pb NMIR (CDC13) showed a single resonance at 6246 ppm. FAB+ MS 
shows 223 (65%) [PbMe], 238 (29%) [PbMe2], 253 (55%) [PbMe3], 315 (50%) 
[PbMe3 SMe2]. In addition to the peaks expected for Me 3PbSMe and its 
fragmentation products, there were also significant peaks up to m/z 615. This 
observation combined with the low volatility suggested that there is extensive 
association in the liquid phase. 
A capillary was loaded with the product for low temperature X-ray crystallography 
and produced a single crystal in the cryostream. The structure of the molecular unit is 
shown in Figure 6.5. Two solid state phases were observed in the crystal and these are 
shown in Figure 6.6 and Figure 6.7 (Phases I and II respectively). Selected 
crystallographic data of  are listed in Table 6.1.* 
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Unit cell dimensions a = 7.9539(11) A 	a = 900 
b = 9.9465(13) A 	0 = 95.090(2)° 
c= 10.2364(14)A 	7=90° 
Pb(1)-S(1) 2.589(2) A 
Pb(1)-C(2) 2.199(9) A 
Pb(1)-C(3) 2.213(9) A 
Pb(1)-C(4) 2.22 1(9) A 





S -Pb"S 173.3(4)° 
Table 6.1 Selected crystallographic data for Me 3PbSMe, 1. 
Chapter 6 The Structural Chemistry of some Trialkyllead compounds 	184 
Figure 6.5 The molecular structure of Me 3PbSMe in the crystal 
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Figure 6.6 Packing of Me3PbSMe molecules in phase I structure. 




Figure 6.7 Packing of Me3PbSMe molecules in phase II structure. 
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Both phase I and II show the molecule whose intermolecular bond lengths and angles 
are very similar. 
The molecular unit shows a Pb atom surrounded by an almost planar arrangement of 
methyl groups [(C-Pb-C) angles = 349.3 °]. This lead is also bound to a sulfur atom 
whose bond lengths are similar in both phases, I [2.589(2) A] and phase II [2.533 to 
2.592 A] which compare with Me3PbSPh [2.546(4) A]. Both phases show longer 
range PbS interactions in I at 3.47 A, and II at 3.399 to 3.666 A and the angle S-
Pb S is 173.3°. The sum of the van der Waals radii is 3.80 A, so consequently the 
interaction is an extremely long range one. 
All Pb-C lengths compare well [2.199(9), 2.213(9) and 2.221(9) A] in I, but in II are 
a little less similar [2.158 to 2.284 A]. These are similar to the distances noted in 
Me3PbOAc 14 [2.17(3) and 2.20(4) A], Me3PbN34 [2.23(2) and 2.20(1) A] and 
Me3Pb(N2)CO2Et,' 5 [2.20(3), 2.21(3), 2.24(3) A]. 
The C-S bond length in I [1.797 A] compares well with Me 3PbSPh [1.80(1) A]. The 
C-E-Pb angle in I is 101.0°, similar to that ofMe 3PbSPh [100.1(4)°]. 
The ratio of r(Pb-S):r(Pb" S) is approximately 0.73 in I but shows a range in II of 
0.73 to 0.77. 
The intermolecular distances and angles compare well with those of Me 3PbSPh. For 
comparison, the packing diagram and bond data are included in this work. (Figure 6.8 
and Table 6.2). 
In contrast to expectations, the set of bond distances all compare very well. The 
planarity of the methyl groups around lead show little evidence of distortion due to 
another atom being in contact. The range of the interaction indicates that there will be 
only a minimal effect but it may be have been expected that the lesser electron 
withdrawing effects of the methyl group would lead to a longer Pb-S bond. The 
different steric constraints of the R groups on the sulfur may influence the packing to 
an extent that long range contact is not possible when R = Ph. Another possibility is 
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that electron density from the sulfur lone pairs is being drawn into the phenyl ring 
resulting in both a shorter Pb-S distance and less active lone-pairs. 
Figure 6.8 The solid-state structure of Me 3PbSPh 
1 Me3PbSPh9 
r(Pb-s)/A 2.533 2.546(4) 
r(Pb-C)/ A 2.192 2.20(2) 
r(C-S)/A 1.797 1.80(1) 
349.3 347.9(4) 
<C-S-Pb!° 101.1 100.1(4) 
Table 6.2 Comparison of solid-state data for 1 and Me 3PbSPh 
Clearly, given the existence of long range Pb S interaction, there is some aggregation 
in the solid-state. This was indicated by the MS analysis and the structure of II 
confirms the presence of a phase with six molecular units in the unit cell. 
The nature of the oil remains uncertain. However, the very long liquid range of the 
material (up to 300'C), low melting point and decomposition instead of boiling at 
high temperatures (over 250 °C) indicate more extensive inter-molecular interactions 
than have been observed in the solid-state. Materials with long liquid ranges are not 
common but are known to be due to such effects as self-ionisation, (unlikely in this 
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case) or aggregation in the liquid phase as demonstrated by gallium (mp = 30°C and 
bp = 2,403°C) that exists as Ga 2 units in the liquid form. 
The decomposition of the oil at ca. 250°C produced a mixture of Me 4Pb and Me2S, 
verified by IR and 'H NMR analysis. A very small amount of black powder was 
observed but X-ray powder diffraction was unable to prove unequivocally that it was 
PbS due to the small size of the sample. 
Thus it appears that replacing Ph with Me not only affects the intermolecular 
interaction, but also alters the decomposition pathway. This low amount of PbS 
produced by the thermal decomposition and very low volatility renders the compound 
unsuitable for the original intention of preparing the semiconductors. 
6.3.2 The preparation and characterisation of (CH 3)3PbSeMe, 2 
This reaction was performed in a similar fashion to the preparation of!. 
Sodium (0.05 g, 2.08 mmol) was added to liquid ammonia ca 30 ml at -78° resulting 
in a homogeneous deep blue solution. Me 2Se2 (0.2 g, 1.04 mmol) was added 
dropwise, resulting in the formation of a colourless solution. 
A solution of Me3PbC1 (0.60 g, 2.08 mmol) in THF (Ca. 50 ml) was cooled to -78°C 
and added to the vessel containing NaSeMe. The reaction was assumed to be light 
sensitive and so was carried out in the dark. 
The solution was separated and pumped to dryness leaving the product behind as a 
red oil. This oil was assumed to be very light sensitive and decomposed slowly, even 
while stored at -25°C in the absence of light to give a red solid. 
Elemental analysis, found (expected for {CH 3 } 3PbSeMe ) C% = 14.56 (13.87) and 
H% = 3.41(4.47). The 1H NMR (CDC1 3) spectra showed a good correlation with 
those obtained for! compounds. The CH 3 protons bound to lead give rise to a signal 
at 61.25 ppm (Jpb..I = 31 Hz). The protons of the methyl group bound to the selenium 
give rise to a signal at 62.08 ppm (JS e H = 22 Hz). The 13C NIVIR (CDC1 3) shows the 
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expected Me3PbSeMe resonance at 64.6 (Jpc = 119 Hz) and 6-3.1 ppm (the selenium 
methyl carbon). The 77  Se (CDC1 3) spectra shows a single resonance at 613.6 ppm. 
The 207 P (CDC1 3) spectra shows a single resonance at 6106 ppm. 
Owing to this compound's fragility and the difficulty of obtaining a single crystal of 
low-melting compounds at the diffractometer it was not possible to determine the 
solid-state structure. Despite this, preliminary investigations observed a similar lack of 
volatility and low melting point (below -25°C) to that of 1. The material differs 
significantly in the rapidity of the decomposition, often characteristic of 
organoselenium compounds. The analytical data presented in this work offer a 
convincing argument for the synthesis of this compound and observations of its 
behaviour suggest that similar intramolecular interactions to those in 1 exist in the 
selenium analogue. 
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6.4 Summary and Suggestions for Further 
Work 
The solid state structure of Me 3PbC1 has been determined by neutron diffraction and 
suggests that an earlier study using X-ray diffiaction misidentified the unit cell leading 
to the assumption that the Cl-Pb-Cl angle was bent at 1570. 
The Cl-Pb-Cl bond angle was found to be nearly 1800,  as is the case for the 
compounds Me3PbBr and Me3PbI. No evidence for any interchain R Cl interaction 
was found in this study owing to the inaccurate determination of the hydrogen 
positions. 
Investigations of Me 3PbSMe show long range Pb S interactions in the solid state. 
One phase in the solid state has a unit cell consisting of six molecules. Previous 
studies of Me3PbEPh (E = S, Se, Te) indicated no long range interactions. 
The liquid Me3PbSMe appears to involve stronger interactions than the solid phase. 
This may be able to be characterised by EXAFS. 
Further work should concentrate on efforts to characterise the solid state of 
Me3PbSeMe. Early indications suggest that similar interactions occur in the liquid and 
possibly the solid phases. 
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Appendix A 
Crystal Structure Refinements 
A.1 2,6bis(methanethiOmethYI)PhenYIbr0mide, I 
Table A.!.! Crystal Data 
Empirical formula C10H13BrS2 
Formula weight 277.23 
Wavelength 0.71073 A 
Temperature 220(2)K 
Crystal System Monoclinic 
Space group P(2)1/n 
Unit cell dimensions a = 8.649(3) A 	a = 90° 
b = 8.4767(14) A 	J3 = 99.721(15)0 
c= 16.021(3) A y=90° 
Volume 11.57.7(4) A3 
Number of reflections for cell 40 0 5 <theta <16°) 
Z 4 
Density (calculated) 1.591 Mg/m3 
Absorption coefficient 3.865 mm 
F(000) 560 
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Crystal description 	 I Colourless block 
Crystal size 0.78x0.43x0.43mm 
Theta range for data collection 2.52 to 30.03 0 
Index ranges -12<h<1 1, 0<k<11, 0<1<22 
Reflections collected 3404 
Independent reflections 3356 [R(int)0.5 620] 
Scan type Omega-theta 
Solution direct (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement difference map and geometric 
Hydrogen atom treatment mixed 
Data / parameter 3356/159 
Goodness-of-fit on F 2 1.018 
R R10.0488 [2115 data] 
R wR20.1162 
Final maximum delta/sigma 0.301 
Weighting scheme calc w 1 /[s2F02+(0.087P) +0.5919P] where 
P=(F02+2Fc2)/3 
Largest diff. Peak and hole 3 0.552 and -0.372 e.A 
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Table A.1.2 Bond lengths[A] and angles['] for 
2,6-bis(methanethiomethyl)phenylbromide, 1 
C(1)-C(2) 1.377(5) A 
C(1)-C(6) 1.404(5) A 
C(1)-Br(11) 1.902(4) A 
C(2)-C(3) 1.391(5)A 
C(2)-C(2A) 1.51 1(5) A 
C(2A)-S(2B) 1.814(4) A 
S(2B)-C(2C) 1.793(4) A 
C(3)-C(4) 1.388(6) A 
C(4)-C(5) 1.372(6) A 
C(5)-C(6) 1.391(6) A 
C(6)-C(6A) 1.495(6) A 
C(6A)-S(6B) 1.814(5) A 
S(6B)-C(6C') 1.748(11) A 
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A.2 2,6-bis(methanethiomethyl)phenylchloride, 2 
Table A.2.1 Crystal Data 
Empirical formula C 10H 13C1S 2 
Formula weight 232.77 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Monoclinic 
Space group P21/n 
Unit cell dimensions a = 8.5792(14) A 	a = 900 
b = 8.3360(13) A 	13 = 99.854(2)0 
c= 15.828(3) A y=9O° 
Volume 1115.3(3) A3 
Number of reflections for cell 4215 (15 <0 <16 0) 
Z 4 
Density (calculated) 1.386 Mg/M3 
Absorption coefficient 0.669 mm 
F(000) 488 
Crystal description Colourless needle 
Crystal size 0.27x0.06x0.06 mm 
Theta range for data collection 2.61 to 28.910 
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Index ranges -1O<h<1 1, -1O<k<9, -21<1<21 
Reflections collected 6570 
Independent reflections 2462 [R(int)0.0279] 
Scan type Omega 
Solution Patterson 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
Hydrogen atom treatment Riding 
Data / parameter 2642/118 
Goodness-of-fit on F2 1.362 
R R10.0548 [2457 data 
R wR20.1141 
Final maximum delta/sigma 0.001 
Weighting scheme caic w= 1 /[s2F02+(0.0247P) 2+ 1.1 605P] 
where P=(F 02+2Fc2)/3 
Largest diff. Peak and hole 0.393 and -0.264 e.A3 
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Table A.2.2 Bond lengths[A] and angles['] for 
2,6-bis(methanethiomethyl)phenylchloride, 2 
C1(1)-C(1) 1.744(3) A 
C(1)-C(2) 1.394(4) A 
C(1)-C(6) 1.402(4) A 
C(2)-C(3) 1.392(4) A 
C(2)-C(21) 1.499(4) A 
C(21)-S(22) 1.821(3) A 
S(22)-C(23) 1.797(3) A 
C(3)-C(4) 1.390(4) A 
C(4)-C(5) 1.389(4) A 
C(5)-C(6) 1.389(4) A 
C(6)-C(61) 1.497(4) A 
C(61)-S(62) 1.817(3) A 
S(62)-C(63) 1.796(3) A 
C(2)-C(1 )-C(6) 123.0(2)0 
C(2)-C(1)-Cl(1) 118.7(2)0 
C(6)-C(1)-Cl(1) 118.3(2)0 
C(1)-C(2)-C(3) 1 17.5(2)0 
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C( 1 )-C(6)-C(6 1) 
	







A.3 2,6-bis(methaneselenomethyl)phenylbromide, 3 
Table A.3.1 Crystal Data 
Empirical formula C 1 0H 1 3BrSe2 
Formula weight 371.03 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Monoclinic 
Space group P21/n 
Unit cell dimensions a = 8.6455(12) A 	a = 90° 
b = 8.5827(17) A 	1 = 99.981(17) 0  
c16.290(3)A 	y 90° 
Volume 1190.5(4) A3 
Number of reflections for cell 68 (10 <theta <16°) 
Z 4 
Density (calculated) 2.070 Mg/M3 
Absorption coefficient 9.523 mm 
F(000) 704 
Crystal description Colourless block 
Crystal size 0.34x0.30x0.27 mm 
Theta range for data collection 2.51 to 25.00 0 
Index ranges -10<h<10, -1<k<10, -1<1<19 
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Reflections collected 3609 
Independent reflections 2098 [R(int)0.0775] 
Scan type Omega-theta 
Solution Patterson (DIRDIF) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Data / parameter 2098/119 
Goodness-of-fit on F 2 0.983 
R R1=0.0537 [1301 data] 
R wR20.0924 
Final maximum delta/sigma 0.001 
Weighting scheme caic 
W—, /[S2  F,, 2 +(0 .03 64P)2+0 .000P] where 
P=(F02+2Fc2)/3 
Largest diff. Peak and hole 0.638 and -0.857 ek3 
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Table A.3.2 Bond lengths[A] and angles['] for 
2,6-bis(methaneselenomethyl)phenylbromide, 3 
C(1)-C(6) 1.389(10) A 
C(1)-C(2) 1.389(11)A 
C(1)-Br(1) 1.911(8)A 
C(2)-C(3) 1.379(1 1) A 
C(2)-C(21) 1.502(10) A 
C(21)-Se(23) 1.952(8) A 
S(22)-C(23) 1.930(9) A 
C(3)-C(4) 1.390(11) A 
C(4)-C(5) 1.374(12) A 
C(5)-C(6) 1.390(1 1) A 
C(6)-C(61) 1.499(1 1) A 
C(61)-Se(62) 1.935(8) A 
Se(62)-C(63) 1.921(9) A 












C( 1 )-C(6)-C(6 1) 123.4(8)0 




C(6)-C(61)-Se(62) 	 1 15.8(5)° 
C(63)-Se(62)-C(61) 	 197.1(4) 0  
A.4 2,6-bis(ethanethiomethyl)phenylbromide, 4 
Table A.4.1 Crystal Data 
Empirical formula C 12H 17BrS 2 
Formula weight 305.29 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal System Monoclinic 
Space group C2/c 
Unit cell dimensions a = 15.467(2) A 	a = 90° 
b = 10.3263(17) A 	13 = 104.200(14)0 
c8.7712(13)A 	y9O° 
Volume 1358.1(4) A3 
Number of reflections for cell 60 (15 <0 <160) 
Z 4 
Density (calculated) 1.493 Mg/m3 
Absorption coefficient 3.302 mm-1 
F(000) 624 
Crystal description Colourless needle 
Crystal size 0.33x0.13x0.09 mm 
Theta range for data collection 2.72 to 25.020 
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Index ranges -18<h<18, -1<k<12, -1<l<10 
Reflections collected 3167 
Independent reflections 1202 [R(int)0.0267] 
Scan type Omega-theta 
Solution Direct methods (SHELXS-97) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geom 
Hydrogen atom treatment riding/rotating group (Me) 
Data / parameter 1202/72 
Goodness-of-fit on F 2 1.039 
R R10.0277 [989 data] 
R wR20.0556 
Final maximum delta/sigma 0.000 
Weighting scheme caic W—,/[S2  F,,2  +(0.0293p)
2+0.0000p]  
where P(F02+2Fc2)/3 
Largest diff. Peak and hole 0.319 and -0.260 e.k3 
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Table A.4.6 Bond lengths[A] and angles['] for 
2,6-bis(ethanethiomethyl)phenylbromide, 4 
Br(1)-C(1) 1.900(3) A 
C(1)-C(2) 1.399(3) A 
C(1)-C(2)#1 1.399(3) A 
C(2)-C(3) 1.389(3) A 
C(2)-C(21) 1.501(3) A 
C(21)-S(22) 1.813(2) A 
S(22)-C(23) 1.804(3) A 
C(23)-C(24) 1.5 12(3) A 
C(3)-C(4) 1.381(3) A 
C(4)-C(3)#1 1.381(3) A 
C(2)-C( 1 )-C(2)# 1 122.7(3) 0 
C(2)-C(1)-Br(1) 118.66(16)0 
C(2)#1-C(1)-Br(1) 118.66(16)0 
C(3)-C(2)-C(1) 117.3(2) 0 
C(3)-C(2)-C(21) 119.8(2) 0 




C(4)-C(3)-C(2) 121.5(3) 0 
C(3)#1-C(4)-C(3) 119.8(4)0 
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A.5 2,6-bis(ethanethiomethyl)phenylchloride, 5 
Table A.5.1 Crystal Data 
Empirical formula C 121­1 17 C1S 2 
Formula weight 260.83 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal System Monoclinic 
Space group C2/c 
Unit cell dimensions a = 15.302(7) A 	a = 




Volume 1345.0(10) A3 
Number of reflections for cell 24 (15 <0 <160) 
Z 4 
Density (calculated) 1.288 Mg/M3 
Absorption coefficient 0.562 mm t 
F(000) 552 
Crystal description Colourless block 
Crystal size 0.61x0.46x0.15 mm 
Theta range for data collection 2.74 to 25.020 
Index ranges 18<zh<14, -5<k<12, -10<l<10 
Reflections collected 2409 
Independent reflections 1174 [R(int)0. 119 5] 
Scan type Omega-theta 
Solution Direct (S1R92) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
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Hydrogen atom treatment riding 
Data / parameter 1174/70 
Goodness-of-fit on F 2 1.055 
R R10.0596 [834 data] 
R wR20.1120 
Final maximum delta/sigma 0.000 
Weighting scheme caic w---1/[s 2  FO  2  +(0.0404p)
2+0 .625 9P] 
where P=(F 02+2Fc2)/3 
Largest diff. Peak and hole 0.363 and -0.275 e.k 3 
Table A.5.6 Bond lengths[A] and angles['] for 
2,6-bis(ethanethiomethyl)phenylchloride, 5 
Cl(1)-C1(1) 1.745(5) A 
C(1)-C(2) 1.399(4) A 
C(1)-C(2)41 1.399(4) A 
C(2)-C(3) 1.390(4) A 
C(2)-C(21) 1.491(4) A 
C(3)-C(4) 1.376(4) A 
C(4)-C(3)#1 1.376(4) A 
C(21)-S(22) 1.815(4) A 
S(22)-C(23) 1.806(3) A 
C(23)-C(24) 1.501(5) A 
C(2)-C(1)-C(2)#1 1 23.5(4) 0 
C(2)-C(1)-Cl(1) 118.2(2)0 










A.6 Tris{2,6-bis[(dimethylamino)methyl]phenyl}gaflium, 7 
Table A.6.1 Crystal Data 
Empirical formula C36H 51 GaS6 
Formula weight 745.85 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Monoclinic 
Space group P2(1)/n 
Unit cell dimensions a = 9.0542(15) A 	a = 900 
b = 13.4474(19) A 	13 = 96.305(13)0 
c = 13.583(2) A 
Volume 3700.6(10) A3 
Number of reflections for cell 5717 (15 <8 <16 0) 
Z 4 
Density (calculated) 1.339 Mg/m3 
Absorption coefficient 1.107 mni 1 
F(000) 1576 
Crystal description Colourless block 
Crystal size 0.21 x 0.09 x 0.07 mm 
Theta range for data collection 1.68 to 26.380 
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Index ranges -10<h<14, -18<k<= 1 8, -26<=l<22 
Reflections collected 20884 
Independent reflections 7549 [R(int)0.0 191] 
Scan type Phi(?) and Omega scans 
Solution Direct (SHELXS-97 (Sheidrick, 1990)) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Data/parameter 7549/20/395 
Goodness-of-fit on F 2  1.051 
R RI = 0.0293 [6428 data] 
R wR20.0822 
Final maximum delta/sigma 0.001 
Weighting scheme calc W—,/[S2  F  "2+(0  . 0528P)2+0 .0000P] 
where P=(F 02+2Fc2)/3 
Largest diff. Peak and hole 0.527 and -0.237 e.A3 
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Table A.6.1 Bond lengths[A] and angles[ O] for 
tris { 2,6-bis [(dimethylamino)methyl]phenyl } gallium, 7 
Ga(l)-C(1C) 2.0009(17) A 
Ga(l)-C(IA) 2.0095(17) A 
Ga(l)-C(1B) 2.0157(14)A 
Ga(l)-S(2A) 2.5968(5) A 
C(1 A)-C(2A) 1.397(2) A 
C(1 A)-C(6A) 1.409(2) A 
C(2A)-C(3A) 1.394(3) A 
C(2A)-C(7A) 1.506(3) A 
C(3A)-C(4A) 1.381(3) A 
C(4A)-C(5A) 1.375(3) A 
C(5A)-C(6A) 1.387(3) A 
C(6A)-C(1OA) 1.507(2) A 
C(7A)-S(IAA) 1.810(2) A 
C(7A)-S(IA) 1.830(5) A 
S(1 A)-C(8A) 1.834(6) A 
S(1 AA)-C(8A) 1.813(2) A 
C(8A)-C(9A) 1.497(3) A 
C(1 OA)-S(2A) 1.8190(18) A 
S(2A)-C(11A) 1.8112(19)A 
C(11A)-C(12A) 1.521(2)A 
C(1B)-C(2B) 1.412(2) A 
C(1B)-C(6B) 1.412(2) A 
C(2B)-C(3B) 1.406(4) A 
C(2B)-C(7B) 1.512(2) A 
C(3B)-C(4B) 1.379(3) A 
C(4B)-C(5B) 1.377(3) A 
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C(5B)-C(6B) 1.397(3) A 
C(6B)-C(1OB) 1.5 12(3) A 
C(7B)-S(1B) 1.8176(19) A 
S(1 B)-C(8B) 1.806(2) A 
C(8B)-C(9B) 1.509(3) A 
C(1OB)-S(2B) 1.8123(18) A 
S(2B)-C(1 1B) 1.803(2) A 
C(1 1B)-C(12B) 1.519(4) A 
C(1 C)-C(2C) 1.404(2) A 
C(1 C)-C(6C) 1.412(2) A 
C(2C)-C(3C) 1.400(2) A 
C(2C)-C(7C) 1.508(2) A 
C(3C)-C(4C) 1.376(3) A 
C(4C)-C(5C) 1.383(3) A 
C(5C)-C(6C) 1.395(3) A 
C(6C)-C(10C) 1.5 19(3) A 
C(7C)-S(1C) 1.8176(18) A 
S(1 C)-C(8C) 1.8075(19) A 
C(8C)-C(9C) 1.516(3) A 
C(1OC)- S(2C) 1.809(2) A 
S(2C)-C(11C) 1.812(2) A 
C(11C)-C(12C) 1.513(3) A 
C(1 C)-Ga(l)-C(1A) 122.24(7)0 
C(1C)-Ga(1)-C(1B) 120.41(6)0 
C(1A)-Ga(1)-C(1B) 115.04(6)0 
C(1C)-Ga(1)-S(2A) 1 12.50(5)0 
C(1A)-Ga(1)-S(2A) 78.58(5)0 
C(1B)-Ga(1)-S(2A) 92.75(3)0 
C(2A)-C(1A)-C(6A) 117.40(16) 0 
C(2A)-C(1A)-Ga(1) 126.01(13)0 




C( 1 A)-C(2A)-C(7A) 121.26(16)0 
C(4A)-C(3A)-C(2A) 120.95(19) 0 
C(5A)-C(4A)-C(3A) 119.70(18)0 
C(4A)-C(5A)-C(6A) 119.92(18) 0 
C(5A)-C(6A)-C(1 A) 121.56(17) 0 
C(5A)-C(6A)-C(1OA) 1 19.05(17)0 
C(1A)-C(6A)-C(1OA) 1 19.39(15) 0 
C(2A)-C(7A)-S(1AA) 108.64(13)0 
C(2A)-C(7A)-S(1A) 111.8(3) 0 
S(1AA)-C(7A)-S(1A) 8.4(5) ° 
C(7A)-S(1A)-C(8A) 99.1(3) 0 
C(7A)-S(1AA)-C(8A) 100.62(11)0 
C(9A)-C(8A)-S(1AA) 109.32(1 5)0 
C(9A)-C(8A)-S(1A) 110.7(3) 0 
C(6A)-C(1OA)-S(2A) 107.29(12)0 
C(1 1A)-S(2A)-C(1OA) 101.18(9)0 
C(1OA)-S(2A)-Ga(1) 117.77(6)0 
C(12A)-S(2A)- Ga(1) 86.77(6)0 
C(12A)-C(1 1A)-S(2A) 112.16(13)0 
C(6B)-C(1B)-C(2B) 117.1 1(12) ° 
C(6B)-C(1B)-Ga(1) 121.80(10)0 
C(2B)-C(1B)-Ga(1) 1 20.54(7)0 
C(3B)-C(2B)-C(1B) 121 .01(5)0 
C(3B)-C(2B)-C(7B) 116.88(8) 0 
C( 1 B)-C(2B)-C(7B) 122.1 0(9)° 
C(4B)-C(3B)-C(2B) 120.22(10 0) 
C(5B)-C(4B)-C(3B) 119.8 1(17)° 
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C(4B)-C(5B)-C(6B) 120.95(19) ° 
C(5B)-C(6B)-C(1B) 120.81(17)0 
C(5B)-C(6B)-C(1OB) 119.03(17)0  
C( 1 B)-C(6B)-C( lOB) 120.16(1 5)0 
C(2B)-C(7B)-S(1B) 108.97(11) 0 
C(8B)-S( 1 B)-C(7B) 100.90(10)0  
C(9B)-C(8B)-S(1B) 115.54(17)0  
C(6B)-C( 1 OB)-S(2B) 111.77(13)0 
C(1 1B)-S(2B)-C(1OB) 99.67(10)° 






C(1 C)-C(2C)-C(7C) 121.85(15)0 
C(4C)-C(3C)-C(2C) 120.83(18)0 
C(3C)-C(4C)-C(5C) 119.1 1(18)° 
C(4C)-C(5C)-C(6C) 120.93(18)0 
C(5C)-C(6C)-C(1C) 121.08(17)0 
C(5C)-C(6C)-C( 1 OC) 117.28(16)0 
C(1 C)-C(6C)-C(1 OC) 121.61(16)0 
C(2C)-C(7C)-S(1C) 107.17(12)° 
C(8C)-S(1C)-C(7C) 100.84(9) 0 
C(9C)-C(8C)-S(1C) 108.89(16)0  
C(6C)-C(1OC)-S(2C) 115.09(13)0 
C(1OC)-S(2C)-C(1 1C) 99.16(10)° 
C(1 2C)-C(1 1 C)-S(2C) 110.72(16)0 
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A.7 2,6-bis(ethanethiomethyl)phenylindium dichloride, 9. 
Table A.7.1 Crystal Data 
Empirical formula C 12H 17C12InS2 
Formula weight 411.10 
Wavelength 0.71073 A 
Temperature 220(2) K 
Crystal System Monoclinic 
Space group P21/n 
Unit cell dimensions a = 9.0542(15) A 
b = 13.4474(19) A 
c = 13.583(2) A 
7 = 900 
13 = 97.632(13) 0 
Volume 1639.2(4) A3 
Number of reflections for cell 64 (15 <theta <16 °) 
Z 4 
Density (calculated) 1.666 Mg/m3 
Absorption coefficient 2.001 mm 1 
F(000) 816 
Crystal description Colourless block 
Crystal size 0.60x0.31x0.19 mm 
Theta range for data collection 2.55 to 25.03 0 
Index ranges -10<h<10, -1<k<15, 0<=I<= 16 
Reflections collected 4362 
Independent reflections 2885 [R(int)0.0465] 
Scan type Omega-theta 
Solution Patterson (DRIDIF) 
Refinement type Full-matrix least-squares on F2 
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Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Data / parameter 2885/155 
Goodness-of-fit on F 2 1.007 
R R10.0440 [2276 data] 
R wR20.1100 
Final maximum delta/sigma 0.001 
Weighting scheme caic w--1/[s 2  F  2+(0   .0689P)2+0.0000P] 
where P(F02+2Fc2)/3 
Largest diff. Peak and hole 1.216 and -1.182 e.A 3 
Table A.7.2 Bond lengths[A] and angles['] for 
2,6-bis(ethanethiomethyl)phenylindium dichloride, 9 
In(1)-C(1) 2.147(5) A 
In(1)-CI(2) 2.3759(15) A 
In(1)-C1(1) 2.3880(13) A 
In(1)-S(62) 2.7366(15) A 
In(1)-S(22) 2.7417(16) A 
C(1)-C(6) 1.387(8) A 
C(1)-C(2) 1.403(7) A 
C(2)-C(3) 1.392(9) A 
C(2)-C(21) 1.496(9) A 
C(21)-S(22) 1.811(7) A 
S(22)-C(23) 1.815(5) A 
C(23)-C(24) 1.5 12(g) A 
C(3)-C(4) 1.372(10) A 
C(4)-C(5) 1.372(9) A 
C(5)-C(6) 1.390(8) A 
C(6)-C(61) 1.502(8) A 
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C(61)-S(62) 1.819(5) A 
S(62)-C(63) 1.813(5) A 
C(63)-C(64) 1.515(8) A 
C(1)-In(1)-C1(2) 132.08(13)0 
C(1)-In(1)-C1(1) 118.69(13)° 
Cl(2)-In( 1 )-Cl( 1) 109.22(6)' 
C(1)-In(1)-S(62) 80.54(15)° 
Cl(2)-In(1)-S(62) 95.56(5)0 
C1(1 )-In(1)-S(62) 96.50(5)0 
C(1)-In(1)-S(22) 80.52(15)0 
Cl(2)-In(1 )-S(22) 96.40(5)° 
Cl( 1 )-In( 1 )-S(22) 93 .40(5)0 
S(62)-In(1)-S(22) 161.03(5) 0 
C(6)-C(1)-C(2) 120.6(5)° 
C(6)-C(1)-In(1) 120.0(4) 0 
C(2)-C(1)-In(1) 119.3(4) 0 
C(3)-C(2)-C(1) 118.3(6)' 
C(3)-C(2)-C(21) 119.6(6) 0 
C(1 )-C(2)-C(2 1) 122.0(5)0  
C(2)-C(21)-S(22) 118.1(4)0 
C(21)-S(22)-C(23) 101.3(3) 0 
C(2 l)-S(22)-In(l) 90.5(2) 0 






C(1)-C(6)-C(61) 122.6(5) 0 
C(5)-C(6)-C(61) 117.9(5)0 
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C(6)-C(61)-S(62) 117.3(4)0 
C(63)-S(62)-C(61) 101.9(3) 0 
C(63)-S(62)-In(1) 100.9(2) 0 
C(61)-S(62)-In(l) 91.63(18)0 
C(64)-C(63)-S(62) 1 10.5(4)0 
A.8 2,6-bis[(dimethylamino)methyl]phenylindium dichloride, 10 
Table A.8.1 Crystal Data 
Empirical formula C 12H 19C12InN2 
Formula weight 377.01 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Monoclinic 
Space group P21/c 
Unit cell dimensions a = 9.389(2) A 	a = 90 
b = 28.461(8) A 	13 = 96.88(3) 
c24.534(6)A 	790 
Volume 6509(3)A 3 
Number of reflections for cell 78 (10 <theta <12 °) 
Z 16 
Density (calculated) 1.539 Mg/M3 
Absorption coefficient 1.764 mm-1 
F(000) 3008 
Crystal description Colourless needle 
Crystal size 0.31x0.06x0.06 mm 
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Theta range for data collection 2.53 to 20.000 
Index ranges 9<=h<=8, -4<k<=27, -3<=1<23 
Reflections collected 7211 
Independent reflections 6050 [R(int)0. 1572] 
Scan type Omega-theta 
Solution Direct (S1R92) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Solvent treatment van der Sluis & Spek, 22e/cell 
Data / parameter 6050/333 
Goodness-of-fit on F 2 0.937 
R R10.0928 [2852 data] 
wR20.2083 
Final maximum delta/sigma 0.004 
Weighting scheme caic w= 1 I[s2F02+(0 .071 0P)2+0 . 0000P] 
where P(F )2+2Fc2)/3 
Largest diff. Peak and hole 0.923 and -0.857 e.k 3 
Table A.8.2 Bond lengths[A] and angles['] for 
2,6-bis [(dimethylamino)methyl]phenylindium dichloride, 10 
In(1)-C(1) 2.11(3)A 
In(1)-CI(2) 2.347(9) A 
In(1)-Cl(1) 2.378(7) A 
In(1)-N(2) 2.43(2) A 
In(1)-N(6) 2.467(19) A 
C(1)-C(2) 1.37(3) A 
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C(1)-C(6) 1.39(3) A 
C(2)-C(3) 1.36(3) A 
C(2)-C(21) 1.57(3) A 
C(21)-N(2) 1.44(3) A 
N(2)-C(23) 1.49(3) A 
N(2)-C(22) 1.55(3) A 
C(3)-C(4) 1.42(4) A 
C(4)-C(5) 1.39(4) A 
C(5)-C(6) 1.41(3) A 
C(6)-C(61) 1.48(3) A 
N(6)-C(63) 1.48(3) A 
N(6)-C(61) 1.49(3) A 
N(6)-C(62) 1.51(4) A 
C(1 )-In(1 )-C1(2) 126.0(8)° 
C(1)-In(1)-C1(1) 130.9(8)° 
C1(2)-In( 1 )-C1( 1) 103.1(3)' 
C( 1 )-In( 1 )-N(2) 75 .2(9)' 
C1(2)-In( 1 )-N(2) 100.0(6°) 
C1( 1 )-In( 1 )-N(2) 1 00.9(5)0 
C(1)-In(1)-N(6) 74.9(9)0 
Cl(2)-In(1)-N(6) 96.8(6)° 
C1(1 )-In(1)-N(6) 99.0(5)0 
N(2)-In(1)-N(6) 150.2(7)0 
C(2)-C( 1 )-C(6) 121 (2)° 
C(2)-C(1)-In(1) 119.9(18)0 
C(6)-C(1)-In(1) 118.6(19)0 
C(3)-C(2)-C(l) 1 23(2)° 
C(3)-C(2)-C(2 1) 1 20(2)° 
C(1)-C(2)-C(21) 1 17(2)° 
N(2)-C(21)-C(2) 1 12(2)° 
Appendix A Crystal Structure Refinements 	 219 
C(2 I)-N(2)-C(23) 109(2)' 
C(2 I)-N(2)-C(22) 109(2)' 
C(23)-N(2)-C(22) 110(2)' 
C(2 1)-N(2)-In(1) 106.4(16)' 
C(23)-N(2)-In(1) 117.7(16)' 
C(22)-N(2)-In(1) 104.0(1 5)' 
C(2)-C(3)-C(4) 1 14(3)° 
C(5)-C(4)-C(3) 125(3)0 
C(4)-C(5)-C(6) 116(2)' 
C(1)-C(6)-C(5) 1 19(2)° 
C( 1 )-C(6)-C(6 1) 120(2)' 
C(5)-C(6)-C(6 1) 121 (2)° 
C(63)-N(6)-C(61) 114(2)' 
C(63)-N(6)-C(62) 108(2)0 
C(6 I)-N(6)-C(62) 1 08(2)° 
C(63)-N(6)-In(1) 1 14.8(15)0 
C(61)-N(6)-In(1) 104.4(14)0 
C(62)-N(6)-In(l) 107.4(16)0 
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A.9 bis{2,6-bis[(dimethylamino)methyl]phenylindium}chloride, 
11 
Table A.9.1 Crystal Data 
Empirical formula C24H38C1InN4 
Formula weight 532.85 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Orthorhombic 
Space group P2 1 2 1 2 1 
Unit cell dimensions a = 9.4848(9) A 	a = 90° 
b= 14.9566(12) A 	13=90° 
c18.3315(18)A 	y9O° 
Volume 2600.5(4) A3 
Number of reflections for cell 96 (15 <theta <16 °) 
Z 4 
Density (calculated) 1.361 Mg/M3 
Absorption coefficient 1.028 rnrn 1 
F(000) 1104 
Crystal description Colourless block 
Crystal size 0.39x0.19x0.12 mm 
Theta range for data collection 2.54 to 25.060 
Index ranges -1<h<11, -1<k<17, -1<l<21 
Reflections collected 4119 
Independent reflections 3172 [R(int)0.0227] 
Scan type Omega-theta 
Solution Direct (S1R92) 
Refinement type Full-matrix least-squares on F2 
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Program used for refinement SHELXL-97 
Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Data / restraints / parameter 3172/25/268 
Goodness-of-fit on F 2 1.018 
R R10.0395 [2410 data] 
R wR2=0.0708 
Final maximum delta/sigma 0.019 
Weighting scheme caic W—,/[S2  FO  2  +(0.0205p)
2  +2.9168P] 
where P(F02+2Fc2)/3 
Largest diff. Peak and hole 0.436 and -0.461 e.A 3 
Table A.9.2 Bond lengths[A] and angles[ O] for bis{2,6- 
bis[(dimethylamino)methyl]phenylindium } chloride, 11 
In(l)-C(l 1A) 2.122(6) A 
In(1)-C(21) 2.163(6) A 
In(l)-N(122) 2.434(5) A 
In(1)-CI(l) 2.4837(18) A 
C(21)-C(26) 1.398(10) A 
C(21)-C(22) 1.397(9) A 
C(22)-C(23) 1.394(9) A 
C(22)-C(221) 1.505(10) A 
C(23)-C(24) 1.362(12) A 
C(24)-C(25) 1.379(11) A 
C(25)-C(26) 1.379(10) A 
C(26)-C(261) 1.499(10) A 
C(221)-N(222) 1.455(10) A 
N(222)-C(223) 1.457(8) A 
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N(222)-C(224) 1.472(8) A 
C(261)-N(262) 1.478(9) A 
N(262)-C(264) 1.466(12) A 
N(262)-C(263) 1.480(1 1) A 
C(1 1A)-C(12A) 1.388(9) A 
C(1 1A)-C(16A) 1.432(11) A 
C(12A)-C(13A) 1.417(13) A 
C(12A)-C(21A) 1.512(11) A 
C(1 1A)-N(122) 1.474(9) A 
C(13A)-C(14A) 1.383(15) A 
C(14A)-C(15A) 1.380(1 5) A 
C(15A)-C(16A) 1.369(12) A 
C(16A)-C(61A) 1.535(12) A 
C(6 1 A)-N(62A) 1.404(11) A 
N(62A)-C(63A) 1.420(11) A 
N(62A)-C(64A) 1.659(13) A 
C(13B)-C(14B) 1.371(16) A 
C(14B)-C(15B) 1.398(14) A 
C(15B)-C(16B) 1.389(13) A 
C(16B)-C(61B) 1.526(14) A 
N(122)-C(124) 1.468(9) A 
N(122)-C(123) 1.475(8) A 
C(1 1A)-In(l)-C(21) 143.2(2) A 
C(1 1A)-In(1)-N(122) 76.8(2)° 
C(21)-In(1)-N(112) 113.8(2)0 
C(1 1A)-In(1)-C1(21) 103.87(18)0 
C(21)-In(1)-Cl(21) 109.45(17)0  
N(1 12)-In(1)-C1(1) 96.35(16) 0 
C(26)-C(21)-C(22) 118.0(7) 0  
C(26)-C(21)-In(1) 117.0(6)0 
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C(22)-C(2 l)-In(1) 125 .0(5)' 
C(23)-C(22)-C(21) 119.9(7)' 
C(23)-C(22)-C(221) 117.4(7)0 




C(25)-C(26)-C(21) 120.5(8)0  
C(25)-C(26)-C(261) 118.9(8)' 
C(2 I)-C(26)-C(26 1) 120.6(7)' 
N(222)-C(22 I)-C(22) 111.4(7)0 
C(223)-N(222)-C(221) 112.5(7)0 
C(223)-N(222)-C(224) 109.9(6)0  
C(22 I)-N(222)-C(224) 109.4(8)0 
N(262)-C(261)-C(26) 111.1(7)0 
C(264)-N(262)-C(261) 110.0(7)0  
C(264)-N(262)-C(263) 111.0(7)0 
C(261)-N(262)-C(263) 107.9(8)0 
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A.10 [Pb2CI4][C5 H6 NCI] 
Table A.10.1 Crystal Data 
Empirical formula C5H6NC1 5Pb2 
Formula weight 671.74 
Wavelength 0.71073 A 
Temperature 293(2) K 
Crystal System Monoclinic 
Space group P21/rn 
Unit cell dimensions a = 3.9741(16) A 	a = 90° 
b = 15.557(4) A 	13 = 93.25(10)0  
c= 10.135(7)A 
Volume 626.6(5) A3 
Number of reflections for cell 96 (15 <0 <160) 
Z 2 
Density (calculated) 3.566 Mg/m3 
Absorption coefficient 27.900 mm- I 
F(000) 584 
Crystal description Colourless lath 
Crystal size 0.35 x 0.14 x 0.06 mm 
Theta range for data collection 5.14 to 25.020 
Index ranges -3<h<3, -8<k<= 18, 0<l<11 
Reflections collected 3223 
Independent reflections 864 [R(int)=0. 1221] 
Scan type Omega-theta 
Solution Direct (SHELXS-97(Sheldrick, 1990) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
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Hydrogen atom placement geometric 
Hydrogen atom treatment riding 
Data / restraints / parameter 864/1/46 
Goodness-of-fit on F 2 1.052 
R R10.0643 [615 data] 
R wR20.1734 
Final maximum delta/sigma 0.000 
Weighting scheme caic w--1/[s 2  F  "2+(O.  10235p)2  +7.2472P] 
where P(F02+2Fc2)/3 
Largest diff. Peak and hole 2.545 and -3.008 e.A 3 
Table A.10.2 Bond lengths[A] and angles['] for [Pb2C14][C 5H6NC1] 
Pb(1)-C1(2) 2.833(7) A 
Pb(1)-C1(1) 2.845(7) A 
Pb(1)-C1(2)#1 2.848(7) A 
Pb(1)-C1(1)#2 2.988(7) A 
Pb(1)-Cl(2)#3 2.898(7) A 
C1(1)-Pb(1)#2 2.988(7) A 
Cl(1)-Pb(1)#2 2.989(7) A 
C1(1)-Pb(1)#3 2.848(7) A 
C1(2)-Pb(1)-Cl(1) 81.9(2)' 
Cl(2)-Pb(1)-CI(2)#1 88.8(2)0 
C1(1 )-Pb(1)-Cl(2)#1 82.2(2)0 
C1(2)-Pb(1)-C1(1)#2 1 58.0(2)0 
Cl(1)-Pb(1)-C1(1)#2 76.1(2)' 
Cl(2)# 1 -Pb( 1 )-Cl(2)# 1 89.67(19) 0 
Cl(2)-Pb(1)-Cl(2)#1 89.96(19)' 
C1(1)-Pb(1)-Cl(2)#1 75.8(2)0 
Cl(2)# 1 -Pb( 1 )-Cl(2)# 1 158.0(2)0 
Appendix A Crystal Structure Refinements 	 226 
C1(1 )#2-Pb(1)-Cl(2)#1 83.35(2)0  
Pb( 1 )-Cl( 1 )-Pb( 1 )#2 103.9(2)0 
Pb(1 )-Cl(1)-Pb(1)#3 104.2(2)° 
Pb( 1 )#2-Cl(1 )-Pb( 1)#3 83.35(18)' 
Pb(1 )-Cl(2)-Pb(l)#4 88.8(2)0  
A. 11 PbCI4 
Data collection, structure solution and refinement were performed by Dr. Simon Parsons 
from a single crystal grown in situ from a sample prepared by the author. 
Table A.!!.! Crystal Data 
Empirical formula C14Pb 
Formula weight 348.99 
Wavelength 0.71073 A 
Temperature 223(2) K 
Crystal System Monoclinic 
Space group 12/a 
Unit cell dimensions a = 10.542(8) A 	a = 90° 
b = 5.359(3 ) A 	0 = 1 15.83(2)' 
c11.958(5)A 	y9O° 
Volume 608.0(6)A 3 
Z 4 
Density (calculated) 3.812 Mg/M3 
Absorption coefficient 29.349 mni 1 
F(000) 600 
Crystal description Grown in capillary 
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Crystal size 0.4 x 0.2 x 0.2 mm 
Theta range for data collection 3.79 to 24.98 0 
Index ranges -l2<=h<=11, -6<=k<6, -2<1<14 
Reflections collected 2145 
Independent reflections 530 [R(int) = 0.0649] 
Refinement type Full-matrix least-squares on F 2 
Data! parameter 530/25 
Goodness-of-fit on F 2 1.140 
R 0.0284 
R 0.0443 
Largest diff. Peak and hole 1.920 and -0.633 eA 
Table A.11.2 Bond lengths[A] and angles['] for PbC1 4 . 
Pb(1)-C1(1) 2.360(2) A 
Pb(1)-Cl(1)#1 2.360(2) A 
Pb(l)-C1(2)#1 2.364(2) A 
Pb(1)-Cl(2) 2.364(2) A 
C1(l )-Pb(1)-Ci(l)#1 109.94(10)0 
Cl(1)-Pb(l)-Cl(2)#1 110.33(8) 0 
Cl( 1 )# 1 -Pb( 1 )-Cl(2)#1 107.88(7)0  
Cl(1 )-Pb(1)-Cl(2) 107.88(7)' 
Cl(1)#1 -Pb(1 )-Cl(2) 110.33(8)' 
Cl(2)#1-Pb(1)-Cl(2) 110.49(10)0 
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A.12 CI4Sb(MeOH)2(MeO)2SbCI4 
Table A.12.1 Crystal Data 
Empirical formula C2H7C1202 Sb 
Formula weight 326.63 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Orthorhombic 
Space group Pbcn 
Unit cell dimensions a = 12.972(6) A 	a = 90° 
b = 12.275(7) A 	p = 90° 
c = 23.700(9) A 	y = 900 
Volume 3774(3) A3 
Number of reflections for cell 66 
Z 16 
Density (calculated) 2.300 Mg/M3 
Absorption coefficient 3.996 mm-1  
F(000) 2464 
Crystal description Colourless plate 
Crystal size 0.40x0.40x0.05 mm 
Theta range for data collection 2.86 to 22.600 
Index ranges -1<h<13, -1<k<11, -25<1<1 
Reflections collected 3016 
Independent reflections 2353 [R(int)=0.0737] 
Scan type omega-theta 
Solution Patterson (DIRDIF) 
Refinement type Full-matrix least-squares on F2 
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Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric; systematical OHO 
Hydrogen atom treatment Riding 
Data / parameter 2353/165 
Goodness-of-fit on F 2 1.008 
R R1=0.0558 [1624data] 
0.1389 
Extinction coefficient 0.00014(5) 
Final maximum delta/sigma 0.000 
Weighting scheme caic w1/[s2F02+(0.071 9P) 2+0.000P] where 
P(F02+2Fc2)/3 
Largest diff. Peak and hole 1.713 and -1.441 e.A 3 
Table A.12.2 Bond lengths[A] and angles['] for C14Sb(MeOH) 2(MeO)2 SbC14 . 
Sb(1A)-0(2A) 1.973(9) A 
Sb(1A)-O(1A) 2.078(9) A 
Sb(1A)-C1(3A) 2.325(4) A 
Sb(1A)-C1(2A) 2.329(4) A 
Sb(1A)-C1(1A) 2.333(4) A 
Sb(1A)-Cl(4A) 2.336(4) A 
O(1A)-C(2A) 1.462(17) A 
C(1A)-0(2A) 1.414(17) A 
Sb(1B)-O(1B) 2.027(9) A 
Sb(1B)-O(IB)#1 2.027(9) A 
Sb(1B)-Cl(2B)#1 2.32 1(4) A 
Sb(1B)-Cl(2B) 2.32 1(4) A 
Sb(1B)-Cl(1B) 2.33 1(4) A 
Sb(1B)-Cl(1B)#1 2.33 1(4) A 
0(1 B)-C(2B) 1.434(17) A 
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Sb(1C)-O(1C) 2.020(9) A 
Sb(1C)-O(1C)#1 2.020(9) A 
Sb(1C)-Cl(2C)#1 2.321(5) A 
Sb(1C)-Cl(2C) 2.32 1(5) A 
Sb(1C)-Cl(1C) 2.327(4) A 
Sb(1C)-Cl(1C)#1 2.327(4) A 
0(1 C)-C(2C) 1.485(16) A 
0(2A)-Sb(1A)-O(1A) 85. 1(4)0 
0(2A)-Sb(IA)-Cl(3A) 172.7(3)' 
0(1 A)-Sb(IA)-C1(3A) 88.5(3)° 
0(2A)-Sb(1A)-C1(2A) 84.7(3)0  
0(1A)-Sb(1A)-C1(2A) 84.0(3)° 
Cl(3A)-Sb(IA)-Cl(2A) 91.22(8) 0 
0(2A)-Sb(1A)-C1(1A) 91.9(3)0 
0(1A)-Sb(1A)-Cl(1A) 176.8(3)0  
Cl(3A)-Sb(1A)-Cl(1A) 94.41(16) 0 
Cl(2A)-Sb(1A)-Cl(1A) 94.56(15) 0 
0(2A)-Sb(1A)-Cl(4A) 92.9(3)0  
0(1A)-Sb(1A)-Cl(4A) 88.6(3)0 
Cl(3A)-Sb(1A)-Cl(4A) 90.38(15) 0 
Cl(2A)-Sb(1A)-Cl(4A) 172.37(15)0 
Cl( 1 A)-Sb(1 A)-Cl(4A) 92.76(15)' 
C(2A)-0(1A)-Sb(1A) 128.3(8)' 
C(1A)-0(2A)-Sb(1A) 122.2(6)0 
0(1 B)-Sb(1B)-0(1 B)# 1 81.6(3) 0 
0(1 B)# 1 -Sb( 1 B)-C1(2B)# 1 88.2(3) 0  
0(1 B)-Sb( 1 B)-Cl(2B)# 1 86.8(3) 0 
0(1B)-Sb(1B)-C1(2B) 86.8(3) 0 
0(1B)#1-Sb(1B)-C1(2B) 88.2(3)0  
Cl(2B)# 1 -Sb( 1 B)-C1(2B) 173.4(2)0 
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0(1 B)-Sb( 1 B)-C1( 1 B) 173.4(3) 0  
0(1B)#1 -Sb(1 B)-C1(1B) 91.8(3)0 
C1(2B)# 1 -Sb( 1 B)-C1(1 B) 91.46(16)0 
C1(2B)-Sb( 1 B)-C1( 1 B) 93.00(16)' 
0(1B)-Sb(1B)-C1(1B)#1 91.8(3)0 
0(1 B)#1 -Sb(1 B)-Cl(1B)#1 173.4(3)' 
Cl(2B)# 1 -Sb( 1 B)-C1( 1 B)# 1 93.00(16)0 
C1(2B)-Sb( I B)-C1( 1 B)# 1 91.46(16) 0 
C1( 1 B)-Sb( I B)-C1( 1 B)# 1 94.8(2) 0 
C(1B)-0(1B)-Sb(1B) 124.9(10)0 
0(1C)#l-Sb(1C)-0(1C) 81.3(5)0  
0(1C)#1-Sb(1 C)-C1(1C) 173.3(3) 0  
0(1 C)-Sb( 1 C)-C1( 1 C) 92.1(3)0 
0(1 C)# 1 -Sb( 1 C)-C1(2C)# 1 92.1(3)0 
0(1C)-Sb(IC)-C1(1C)#1 173.3(3)0  
C1(1 C)-Sb(1 C)-Cl( 1 C)#1 94.5(3) 0 
0(1 C)# 1 -Sb( 1 C)-C1(2C)# 1 87.9(3)0  
0(1C)-Sb(1C)-C1(2C)#1 87.0(3) 0  
C1( 1 C)-Sb( I C)-C1(2C)# 1 92.6(17)' 
C1(1 C)#1 -Sb(1 C)-C1(2C)#1 91.93(17) 0 
0(1 C)# 1 -Sb( 1 C)-C1(2C) 87.0(3)0  
0(1 C)-Sb(1C)-C1(2C) 87.9(3)0 
C1(1C)-Sb(1C)-C1(2C) 91.93(17) 0 
C1(1 C)# 1 -Sb( 1 C)-C1(2C) 92.60(17)0 
C1(2C)#l-Sb(1 C)-C1(2C) 173.3(2) 0  
C(1C)-0(1C)-Sb(1C) 124.8(10)0 
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A.13 [Pb(MeCN) 9][SbCI61 2 
Table A.13.1 Crystal Data 
Empirical formula C6H9CI 6N3 SbPb050 
Formula weight 561.21 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Orthorhombic 
Space group 1222 
Unit cell dimensions a = 7.8194(16) A 	cc = 90° 
b = 11.100(2) A 	3 = 90° 
c = 24.046(5) A y = 90° 
Volume 2087.0(7) A3 
Z 4 
Density (calculated) 1.786 Mg/m3 
Absorption coefficient 6.089 mm 
F(000) 1040 
Theta range for data collection 2.02 to 23.300 
Index ranges -8<h<=8, -1 1<k<=l2, -26<1<20 
Reflections collected 4605 
Independent reflections 1520 [R(int)z=0.0468] 
Scan type phi + omega 
Solution Direct 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement Geometric 
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Hydrogen atom treatment Mixed 
Data / parameter 1520/4/76 
Goodness-of-fit on F 2 0.979 
R R1=0.0470 [1292 data] 
R 0.1321 
Final maximum delta/sigma 0.000 
Weighting scheme caic w 1 /[s2F02+(0.0858P) 2 +8.8296P] 
where P(F02+2Fc2)/3 
Largest diff. Peak and hole 1.734 and -2.538 e.A 3 
Table A.13.2 Bond lengths[A] and angles[ O] for [Pb(MeCN)9] [SbC16] 2 
Sb-Cl(10)#1 2.343(2) A 
Sb-Cl(6)#1 2.356(2) A 
Sb-Cl(4)#1 2.37 1(2) A 
Pb-N(1B)#2 2.748(13) A 
Pb-N(1B)#3 2.748(13) A 
Pb-N(1C) 2.748(13) A 
Pb-N(1C)#2 2.748(13) A 
Pb-N(1A)#2 2.749(13) A 
Pb-N(1A)#3 2.749(13) A 
Pb-N(1A)#4 2.749(13) A 
N( 1 B)#2-Pb( 1 )-N( 1 B)#3 1 77(3)° 
N(1B)#2-Pb(1)-N(1B) 1.8(10)' 
N(1B)#3-Pb(1)-N(1B) 98.3(10)0 
N(1B)#2-Pb(1)-N(1 B)#4 98.3(10)0 
N(1B)#3-Pb(1)-N(1B)#4 81.8(10)0 
N(1B)-Pb(1)-N(1B)#1 177.3(3)0  
N(1 B)#2-Pb(1)-N(1 C)#2 121.3(14)0 
N(1B)#3-Pb(1)-N(1C)#2 61.3(14)0 
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N(1B)-Pb(1)-N(1C)#2 	 1108.6(13)0  
N( 1 B)#4-Pb( 1 )-N( 1 C)#2 	 169.0(13)0 
N(1B)#2-Pb(i)-N(1C)#3 	 161.3(14) 0  
A.14 SnCI4.(MeCN) 2 
Table A.14.1 Crystal Data 
Empirical formula C4H6C14N2Sn 
Formula weight 383.65 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Orthorhombic 
Space group Pnma 
Unit cell dimensions a = 10.4771(15) A 	a = 90° 
b= 13.7683(18)A 	13=90° 
c9.7669(13)A 	y9O° 
Volume 1408.9(3) A 3 
Number of reflections for cell 102 
Z 4 
Density (calculated) 1.809 Mg/m3 
Absorption coefficient 2.543 mm -1 
F(000) 736 
Crystal description Colourless block encased in frozen RS3000 
oil 
Crystal size 0.4 x 0.3 x 0.2 mm (approx.) 
Theta range for data collection 2.56 to 25.04 0 
Index ranges -12<h<0, -16<k<0, -l1<1<11 
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Reflections collected 2849 
Independent reflections 1299 [R(int)0 .0233] 
Scan type Omega-theta 
Solution direct (S1R92) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement difference map 
Hydrogen atom treatment Rotating group 
Data / parameter 1299/82 
Goodness-of-fit on F 2 1.136 
R 0.0160 
R 0.0316 
Final maximum delta/sigma 0.004 
Weighting scheme calc w 1 /[s 2F02+(0.08 7P)2+0. 591 9P] where 
P=(F02+2Fc2)/3 
Largest diff. Peak and hole 0.417 and -0.219 e.A3 
Table A.14.2 Bond lengths[A] and angles['] for SnC1 4 .(MeCN)2 
Sn(1)-N(1) 2.2567(17) A 
Sn(1)-N(1)#1 2.2567(17) A 
Sn(1)-Cl(1) 2.3502(8) A 
Sn(1)-Cl(2) 2.3 599(5) A 
Sn(1)-Cl(2)#1 2.3599(5) A 
Sn(1)-Cl(3) 2.36 17(8) A 
N(1)-C(2) 1.127(3)A 
C(2)-C(3) 1.453(3) A 
N(ls)-C(2s) 1.164(12) A 
C(2s)-C(3s) 1.566(14) A 













Cl(1 )-Sn(1)-Cl(3) 164.90(3)0 
Cl(2)-Sn(1)-Cl(3) 94.17(2)0 
Cl(2)#1-Sn(1)-Cl(3) 94.17(2) 0 
C(2)-N(1)-Sn(1) 178.66(17)0 
N( 1 )-C(2)-C(3) 179.0(2) 0 
C(2s)-N( 1 s)-N(1 s)#2 171.4(11)0 
N( 1 s)-C(2s)-C(3 s) 177.4(9)0 
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A.15 SbCI 5 .(MeCN) 
Table A.15 Crystal Data 
Empirical formula C2H3C1 5NSb 
Formula weight 340.05 
Wavelength 0.71073 A 
Temperature 150(2) K 
Crystal System Orthorhombic 
Space group Pnma 
Unit cell dimensions a = 12.376(5) A 	a = 90° 
b=9.517(3)A 
c7.9375(19)A 	=y90° 
Volume 962.1(5) A3 
Number of reflections for cell 77 (30<theta<32) 
Z 4 
Density (calculated) 2.348 Mg/m' 
Absorption coefficient 4.180 mm- ' 
F(000) 632 
Crystal description Colourless block cut from rod 
Crystal size 0.35 x 0.27 x 0.23 mm (approx.) 
Theta range for data collection 3.02 to 25.15 0  
Index ranges 0<h<15, -11<k<11, -9<l<9 
Reflections collected 3192 
Independent reflections 917 [R(int)0.0271] 
Scan type Omega-theta 
Solution Patterson (SHELXS-97 (Sheldrick, 1990)) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
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Hydrogen atom placement geom 
Hydrogen atom treatment riding, rotating group (Me) 
Data / parameter 917/51 
Goodness-of-fit on F 2 1.139 
R R10.0172 [852 data] 
0.0383 
Final maximum delta/sigma 0.001 
Weighting scheme caic w--1/[s 2  FO  2  +(0. 021 OP) 2+O.000P] where 
P=(F02+2Fc2)/3 
Largest diff. Peak and hole 0.384 and -0.502 e.A 3 
Table A.15.2 Bond lengths[A] and angles['] for SbC15.(MeCN). 
Sb(1)-N(1) 2.225(3) A 
Sb(1)-C1(4) 2.3401(10) A 
Sb(1)-Cl(2) 2.34 14(8) A 
Sb(1)-Cl(2)#1 2.3414(8) A 
Sb(1)-Cl(3)#1 2.3426(8) A 
Sb(1)-C1(3) 2.3426(8) A 
N(1)-C(1) 1.135(4) A 
C(1)-C(2) 1.454(5) A 
N(1)-Sb(1)-Cl(4) 178.72(8)0 
N(1)-Sb(1)-Cl(2) 85. 10(6)0 
Cl(4)-Sb(l)-Cl(2) 93.99(3)0 
N(1)-Sb(1)-C1(2)#1 85.1 0(6)° 
C1(4)-Sb(1)-Cl(2) #1 93.99(3)0 
C1(2)-Sb(1)-Cl(2) #1 89.49(4)0 
C1(4)-Sb(1)-Cl(3) #1 95.2 1(3)° 
Cl(2)-Sb(1)-C1(3) #1 170.80(2) 0 
C1(2)#1-Sb(1)-Cl(3) #1 89.71(3)0 




Cl(2)#1 -Sb(1)-Cl(3) 170.80(2)0 
Cl(3)#1-Sb(1)-Cl(3) 89.63(4)0 
C(1)-N(1)-Sb(1) 175.6(3)0 
N( 1 )-C( 1 )-C(2) 179.7(4)0  
A.16 Me3 PbSMe 
Table A.16 Crystal Data 
Empirical formula C4HI2pbs 
Formula weight 299.39 
Wavelength 0.71073 A 
Temperature 120(2) K 
Crystal System Monoclinic 
Space group P21/n 
Unit cell dimensions a = 7.9539(11) A 	a = 900 
b = 9.9465(13) A 3 = 95.090(2)0 
c = 10.2364(14) A 	y=90° 
Volume 806.64(19) A3 
Number of reflections for cell 2149 (2.5<theta<29 0) 
Z 4 
Density (calculated) 2.465 Mg/m3 
Absorption coefficient 21.068 mm-1 
F(000) 536 
Crystal description Colourless cylinder 
Crystal size 1 x 0.2 x 0.2 mm (approx.) 
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Theta range for data collection 2.86 to 28.860  
Index ranges 0<h<=15, -1 1<=zk<=1 1, -9<1<=9 
Reflections collected 7012 
Independent reflections 1974 [R(int)0.0606] 
Scan type Omega-theta 
Solution Patterson (SHELXS-97 (Sheidrick, 1990)) 
Refinement type Full-matrix least-squares on F 2 
Program used for refinement SHELXL-97 
Hydrogen atom placement geom 
Hydrogen atom treatment riding, rotating group (Me) 
Data / parameter 1974/56 
Goodness-of-fit on F 2 1.039 
R R1=0.0375 [1557 data] 
R 0.0873 
Final maximum delta/sigma 0.001 
Weighting scheme calc W—,/[S2  Fo 2 +(0 . 0349P)2+0.000P] where 
P=(F02+2Fc2)/3 
Largest diff. Peak and hole 3.925 and -2993 e.A 3 
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C(2)-Pb( 1 )-S( 1) 
	
98.8(3) 
C(4)-Pb(1)-S(1) 	 100.5(3) 
C(1)-S(1)-Pb(1) 	 99.7(3) 
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